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The commercial production of fluorspar (CaF5) in the United
Kingdom has risen from 66000 tonnes/annum in 1947-50 to 280000 tonnes
in 1974. This increased production, which reflects changes in demand
for the mineral by the steelmaking and chemical industries, has been
accommodated mainly by the expansion of mining and ore processing
facilities in the Peak District National Park, part of the Southern
Pennine Orefield. The impact of large mechanised mining operations
upon the countryside is considerable and in this case is increased
by the location of the industry in an area of high amenity and
recreational value and outstanding natural beauty.
The adverse effects upon the landscape are attributable to the
surface installations of underground mine workings, linear opencast
excavations and the tailings dams used for disposal of the waste
products discarded during the processing of raw mineral ores. Of
these, the tailings dams are most significant because the angular
characteristics of their retaining walls and the flat surface of the
deposition areas provide an abrupt contrast with the surrounding land.
Furthermore, following the disuse of an area as an active disposal site,
the surface layers of tailings are subject to erosion by wind and water.
These agents have, in the past, caused extensive pollution of agricultural
land adjacent to the spoil heaps of abandoned metalliferous mine
workings.
Fluorspar tailings consist mainly of the discarded gangue minerals
from the crude ore matrix together with a proportion of the valuable
mineral constituents which the processing fails to recover. Thus,
residual quantities of the associated minerals galena (lead sulphide)
and sphalerite (zinc sulphide), which are valuable by-products from
the raw mineral ores, occur together with unextracted fluorspar and
barytes (Baso,,) in the effluent.
The phytotoxic metallic minerals and the low plant nutrient status
of fluorspar tailings are the major limitations to plant growth
and development. Whilst low fertility is a common characteristic of
mine tailings, the chemical composition of the waste varies according
to the age of the deposit, since advances in mineral processing
technology have improved the level of recovery of the valuable minerals
from the crude ores in recent years. This variation is reflected in the
species composition of the flora established naturally on tailings dams
of different ages. On older deposits which are sparsely colonised, the
limitations to growth are relatively severe and the natural flora
comprises a narrow range of species (mostly grasses) which have evolved
populations tolerant of the adverse conditions. This was confirmed
by glasshouse bioassay experiments which. showed that only metal tolerant
populations of grasses were capable of normal growth and development on
the older tailings deposits, commercial varieties failing irrespective
of whether or not fertiliser was applied. Conversely, on more recently
deposited tailings, metal tolerant populations grew no better than: the
commercial varieties. These preliminary trials, together with chemical
analyses of the wastes, indicated that the low macronutrient status of
the substrates with respect to nitrogen and phosphorus was the principal
factor limiting plant growth on the recently disused dams. There was no
visible evidence of fluoride phytotoxicity although markedly elevated
levels of fluoride were recorded consistently in the shoots of species
comprising the indigenous vegetation and commercial varieties of grasses
and legumes established on fluorspar tailings.
Experimental field trials confirmed these findings and established
that nutrients, particularly nitrogen, are subject to leaching when applied
as inorganic fertiliser so, in the absence of legumes, repeated
applications are necessary to avoid any deterioration of the developing
sward. Nutrients applied as slow-release, organic amendments are more
effective than inorganic fertilisers but if the sward is to have a low
Saiiconanes requirement in the long term, legumes are essential
components of the plant community.
Vegetation established on the waste contains elevated levels of
heavy metals and fluoride. This prohibits any direct economic return
from disused tailings dams by managing them as agricultural permanent
pasture and the ultimate land-use objective must be reinstatement for
amenity and recreational improvement. Productivity is therefore of
secondary importance to the development of a continuous and visually
attractive low-maintenance sward. The establishment of a vegetation
cover alone is inadequate because the topographical features of modern
tailings dams detract from the aesthetic value of the landscape. Thus,
additional field trials examined the establishment and growth of a range
of tree and shrub species in fluorspar tailings.
From the results of the field trial programme, a specification was
- developed for the large scale reinstatement of a recently disused
tailings dam. The physical characteristics of the tailings restricted
the use of heavy agricultural machinery on the surface of the deposit so
applications of seed and fertiliser were made using a modified hydroseeding
technique which provided access to unstable areas of the dam. The visual
prominence of the site was reduced further by an extensive tree and shrub
planting programme which was focused mainly around the perimeter of the
tailings deposit and the retaining walls, Using this combination of
treatments, the environmental impact of tailings dams, which are almost
certain to remain major components of future fluorspar mineral workings ,
may be reduced substantially.
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INTRODUCTION
CHAPTER 1 — INTRODUCTION
1.1 Origin and aims of the project
The mining and quarrying of mineral ores has often led to conflict
between the ideals of economic prosperity and countryside preservation,
particularly in recent years. Exploitation of these increasingly
valuable resources provides an example where the opposing ideals are
apparently irreconcilable, particularly where the mineral wealth is in
an area designated a National Park.
The upland region forming part of the Southern Pennines,
traditionally known as the Peak District, constitutes one of ten
National Parks established as a result of the National Parks and Access
to the Countryside Act (1949) because of its outstandingly attractive
scenery. But the Peak District is also considered to be an important
source of mineral wealth, and mining and quarrying constitute the
principal economic activities of this region.
Mineral extraction has always been associated with the area.
Although industrial relics and attractive scenery are normally
incompatible, the grass covered spoil heaps and ruined buildings left
by past mineral extraction form conspicuous and characteristic features
of parts of the Peak District, and are considered to be of historical
and archeological value, Advances in technology and increased demand
for minerals have now resulted in a change from the previously domestic,
small scale mining to larger mechanised operations. This gradual
transition, running in parallel with increasing public appreciation of
rural qualities, has given rise to new and formidable problems.
The disposal of mine waste products, tailings, which result from
the processing of crude mineral ores, and which have little or no
commercial value, constitutes one of the principal environmental
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problems of modern mining. The principal factor which determines the
procedures used for the disposal of tailings is economics. In the
case of fluorspar (CaF) extraction, the method currently employed
consists of pumping the tailings in the form of an aqueous slurry into
specially constructed lagoons (tailings dams). These have a considerable
visual impact on the landscape due to their shape and size. The defined
angular characteristics of the perimeter walls and the topography of the
surface of disused tailings dams constitute an abrupt contrast with the
‘surrounding countryside.
Mine tailings frequently provide an adverse environment for plant
growth because of the presence of residual unextracted metallic minerals
which may be phytotoxic, and the low inherent fertility of the materials.
Following the disuse of an area as an active disposal site, the development
of a visually acceptable cover vegetation by natural colonisation usually
takes principally because of the physical and chemical
limitations to plant growth, These restrictions may even be sufficient
to limit colonisation to a few isolated plants many years after a site
has ceased to be actively used for waste disposal. Although the
efficiency of fluorspar extraction from mineral ores has improved
Markedly in recent years, and the potential phytotoxicity of the wastes
has been correspondingly reduced, it is important in an area designated
a National Park that the duration of the transition from bare to colonised
tailings is minimised,
Various methods of treatment have been used to promote the
development of cover vegetation on metal-contaminated wastes. Non-
toxic ameliorants are often applied to, or incorporated within, the
surface of the metal-contaminated substrate (Street & Goodman, 1967;
Gemmell, 1974a), but metal tolerant populations of several grass species
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have also been used together with inorganic fertilisers (Smith &
Bradshaw, 1972) or organic amendments (Gadgil, 1969). Similarities
between the chemical composition of fluorspar tailings and these
metalliferous wastes suggest that these techniques might provide a basis
for the rapid vegetative stabilisation of recently disused, and as yet
uncolonised, fluorspar tailings dams.
An experimental investigation was therefore developed in accordance
with alternative land use objectives, namely grassland and woodland.
It has involved an investigation of the establishment of grass swards,
an evaluation of their agricultural potential (in relation to the grazing
of livestock) and an assessment of the growth of trees and shrubs which
could modify the tailings dams so that they would not detract from the
amenity and recreational value of the surrounding countryside. Although
tree growth might be reduced in fluorspar tailings, it was considered
that the establishment and growth of trees could aid stabilisation and
consolidation of the waste, and help to reduce the visual impact
created by the topographical features of tailings dams.
1.2 Mining in the Peak District National Park
1.2.1 Geology of the Peak District
The mineral deposits of the Southern Pennine orefield are
restricted to the limestones of the Lower Carboniferous Series which
form an extensive outcrop in northern Derbyshire at the core of a
structural feature known as the Derbyshire Dome. In the southern half
of the Peak District the limestone is encircled by shales, sandstones
and grits of the Millstone Grit Series arranged ina pericline, whereas
in the more northerly regions the limestone is overlain by similar
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deposits (Figure 1). The Carboniferous Limestone sequence consists of
massive limestone, interbedded with intrusive volcanic rocks (toadstones)
in the form of lenticular interbedded lavas, together with occasional
intrusive sheets of dolerite.
Hydrothermal mineralisation of the limestone during the late
Carboniferous or.early Permian periods has resulted in numerous discrete
mineral veins which are commonly orientated east-west across the orefield.
The ore-bodies consist predominantly of steeply dipping or vertical
fissure veins (rakes) in the limestone country rock,together with
occasional bedded replacement bodies (pipes) which lie parallel to the
bedding of the limestone. The predominant minerals in the individual
ore-bodies vary according to the location of the mineral vein, the
principal deposits of fluorspar occurring along the eastern margin of
the main limestone area whereas barytes (barium sulphate, BaSO),) and then
calcite (crystalline calcium carbonate, Caco) become progressively more
dominant in the western regions of the orefield. The younger Millstone
Grit rocks and the intrusive volcanic rocks are considered for economic
purposes to be unmineralised, but the extensive mineral ore deposits in
the limestone constitute one of the principal sources of mineral fluorspar
in the United Kingdom; furthermore, several other minerals of commercial
importance are frequently associated with the deposits of fluorspar in
sufficient quantities to be economically recoverable.
1.2.2 Growth of the fluorspar industry
The origin of metalliferous mining in the Peak District has never
been precisely ascertained but it is known that this source of galena
(lead sulphide) was highly regarded during the Roman occupation of this
country. Historical evidence suggests that these deposits, and to a
lesser extent those of sphalerite (zine sulphi
de), gradually gained in
FIGURE 1
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lanortenesmeaea that the peak of production was reached in the
eighteenth and nineteenth centuries. From the latter half of the
nineteenth century there followed a decline in metalliferous mining
and the emergence of a fluorspar industry. Together with barytes and
calcite, fluorspar had previously been seen as an associated gangue
mineral which occupied more than 90% w/w of the veins but had no
commercial value.
The progressive increase in fluorspar production in the United
Kingdom from 66,000 tonnes/annum in 1947-50 to 280,000 tonnes in 1974
reflects its extended consumption by the steel-making and chemical
industries, a large proportion being accommodated by expansion of
production facilities in the Peak District. Metalliferous minerals have
in consequence been relegated to the category of marketable by-products,
thus reversing former priorities.
de> Mining techniques and the sources of mineral ore
The commercial production of fluorspar in the United Kingdom is
concentrated upon the Peak District although the Northern Pennine
orefield around west Yorkshire and Durham constitutes an important
source of the mineral (Notholt & Highley, 1971). The largest individual
producer of this mineral in the United Kingdom is Laporte Industries Ltd.,
whose mining and processing operations are located in north Derbyshire.
A proportion of the fluorspar produced from this area results
from the re-processing of mine waste from the old metalliferous mining
industry (e.g. Longstone Edge, O.S. Grid Ref. SK201730 (Plate 1A) ) but
the majority is obtained by underground mining or opencast methods.
Underground mining for fluorspar (Ladywash mine, SK222772 and Sallet
Hole mine, SK219741) requires a minimal area of land, principally for
surface installations, so the visual impact upon the landscape and
Plate 1B:
 
Removal of surface deposits of old
metalliferous mine waste for fluorspar
extraction (Silver Hillocks, Longstone
Edge).
 
Opencast mining of crude fluorspar
ore (High Rake, Longstone Edge).
1.5 Mining techniques
consequent loss of amenity valueare considerably Pitees when compared
with linear opencast mine workings such as those at High Rake, Longstone
Edge, SK206732 (Plate 1B). It is noteworthy that the mineral vein
system underlying Longstone Edge represents one of the most important
ore-bodies in Derbyshire and has been excavated by opencast methods
to a depth of 45 metres, and by drift mining from a depth of 45 metres
to 90 metres, the maximum depth of the ore-body.
The extraction of minerals by opencast methods frequently results
in extensive disturbance of land. The impact on the environment,
however, is often less than that created by the disposal of mine waste
resulting from the processing of the excavated raw mineral ores.
1.4 Processing of the mineral ore
The excavated raw mineral ore contains between 30 and 50% w/w
calcium fluoride. To comply with marketing specifications, it is
separated from associated gangue minerals by complex processing operations
which produce metallurgical-grade ( > 70% CaF,), acid-grade ( > 97% CaF)
and ceramic-grade (> 97% CaF.) fluorspar.
The crude ore is subjected to a series of preliminary treatments
including washing, crushing and screening which provide an initial
physical segregation of the minerals of commercial value. This treatment
is followed by heavy-medium separation and froth-flotation processes
which in turn permit a secondary separation based upon the specific
gravity differential between fluorspar and the associated minerals.
Metallurgical-grade fluorspar is isolated by the heavy-medium process,
and the lead concentrate (70-75% Pb), the acid-grade fluorspar and the
barytes concentrate (98% BaSO,) are recovered successively by the
flotation process, the lead and barytes concentrates being the principal
marketable by-products.
1.4 Processing of the mineral ore
Such mineral extraction operations inevitably produce large
quantities of waste materials. These waste products or tailings consist
of the residue of the ore from which the valuable minerals have been
extracted, together with the fraction of the latter which the processing
has failed to recover.
CHAPTER 2
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2el Introduction
Advances in the technology of mineral extraction and processing,
combined with an increasing industrial demand for the mineral, hive:
resulted in a progressive increase in production of fluorspar in
recent years. This increased scale of production has been accompanied
by an intensification of the problems associated with the disposal of
the tailings wastes.
Coarse limestone tailings (1-5 cm. diameter) produced as a result
of the heavy medium separation and preliminary crushing operations, do
not pose any disposal problems since they are products of commercial —
value and are used by the construction industry. Although 110,000 tonnes
of coarse tailings are produced annually, they represent a minor
proportion of the total production which exceeds 330,000 tonnes of solid
waste per annum. The balance of 220,000 tonnes consists of relatively
fine tailings which is the effluent from the hydrocyclone unit (washing
plant slurries) together with the tailings discarded from the froth
flotation circuit (flotation tailings). The major problems of waste
disposal in the fluorspar industry involve these fine tailings which
are discarded as an aqueous slurry of low solids content (8 w/w).
The increased production of the modern fluorspar industry is a
major cause of problems associated with tailings disposal. Equally
important however, are the changes in the physical characteristics of
the present day products compared with those produced previously.
The older waste products were coarser materials (2-10mm), because the
mineral ore was subjected to a less intensive crushing and grinding
procedure. This coarse mine waste used to be stowed underground in old
mine workings or was stacked in surface spoil heaps; these methods of
disposal are inappropriate for modern tailings wastes because of the
4
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large quantities involved and the form of the material.
2.2 Potential uses of fluorspar tailings
Despite advances in the technology of mineral extraction and
processing, satisfactory solutions to the problem of tailings disposal
have not been forthcoming. The use of tailings for the manufacture of
lightweight building blocks, prefabricated moulded units, bricks, cement
or asphalt is prevented by the location of the processing plant relative
to possible markets and by the unfavourable physical and chemical
characteristics of the material. Potentially suitable commercial outlets
are the abrasive and vitreous enamel manufacturing industries but these
would only consume a small proportion of the total tailings output.
205 Methods of disposal
Although opencast and underground mining operations for the
excavation of crude fluorspar ores are unavoidably situated within the
Peak District National Park, several alternative methods for the disposal
of the waste products are theoretically available, many of which could
help to reduce the environmental impact of the mining and processing
operations. However, the relative costs incurred by the various methods
of disposal must be considered and related to the economic prosperity
of the industry. |
The production of the waste material in the form of a slurry with
a low solids content precludes one of the potential solutions, namely
transportation by road or pipeline to suitable sites outside the
National Park (e.g. disused limestone quarries), because of the high
cost involved, Furthermore, transportation of the tailings to an area
remote from the processing plant would reduce the possibility of future
re-cycling of the materials to extract the residual fluorspar which
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current processing operations fail to recover. Future re-extraction
of tailings, which have no immediate economic value, could conserve
rapidly diminishing resources of the mineral and minimise the need for
further opencast and underground mining operations.
Other methods for tailings disposal can produce material with a
higher percentage solids content and improved handling characteristics.
Consequently, de-watering to improve stability, chemical stabilisation,
thermal drying and calcination treatments have been proposed for the
slurry, prior to disposal.
The use of de-watered tailings for the back-filling of disused
opencast and underground mineral workings is not satisfactory because
the waste is unstable in this form and would be susceptible to water
and wind erosion. Redistribution of tailings could cause pollution of
_ watercourses and adjacent agricultural land. Chemical stabilisation of
tailings, whilst enabling the material to be disposed of more readily,
eliminates the possibility of future re-processing and is expensive
compared with alternative methods of disposal. Stabilised tailings
still require suitable sites for disposal and since some of the original
ore is obtained by reprocessing old surface deposits of metalliferous
mine waste, the quantity of tailings produced exceeds the capacity of the
opencast and underground workings from which only a proportion of the
crude ore is obtained. Disposal of stabilised tailings would therefore
involve the use of several additional areas, within or outside the Peak
District National Park, with the costs of cuenereneine the waste
products increasing accordingly.
Although several methods for the disposal of fluorspar tailings
  
 
are available, none of t
   to the present system. The total roduction of
the fluorspar processing plant of Laporte Industries at Cavendish Mill
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(SK206753) is therefore accommodated in specially constructed tailings
dams or lagoons.
2.4 Tailings Dams
Although tailings dams are a standard feature of modern mineral
processing plants, this method of disposal has been practised for many
years, and was sapaciated with the larger metalliferous mine workings
which were operating earlier in this century (Magpie mine SK172682,
Mill Close mine SK260624). Modern tailings dams are however, considerably
larger than their forerunners and they exert a considerable impact upon
the environment. This is mainly due to the angularity of the perimeter
walls (Plate 2A) and the flat surface profile which provide an abrupt
contrast with the undulating, surrounding limestone uplands.
The fluorspar tailings dams at Cavendish Mill have been designed
to accommodate a maximum annual tailings output of 265,000 tonnes
(162,000 cubic metres of solid waste), for a period of between 8 and 10
years, but the construction and form of the lagoons have altered
considerably in recent years. The original practice was to remove the
overburden from the proposed deposition area and to use it for
constructing the retaining wall. Nowadays, construction materials
consisting of waste products from adjacent limestone quarries and mineral
workings are imported. This modification is beneficial because by
retaining the overburden on the proposed disposal area losses of tailings
through fissures in the limestone bedrock and old mine workings are
minimised and the risk of pollution of watercourses and surrounding
land is reduced. Further modifications to the design of the currently
operational tailings dam (No. 3) have permitted a considerable reduction
in the gradient of the perimeter walls, compared with that of the walls
of the recently disused dam (No. 3 dam - 1:1.75, No. 1 & 2 dam - 1:1).
Plate 2A: Retaining walls of a fluorspar
tailings dam (Number 1 & 2 dam)
 
Plate 2B: Surface of a fluorspar tailings
dam showing the pipes used to
transport the aqueous tailings
slurry (Number 1 & 2 dam, October 1971)
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This modification, together with the more appropriate siting which
takes account of the natural topography of the area, has decreased the
visual impact of the active dam upon the landscape. The height, depth
and gradient of the retaining walls of both tailings dams vary
considerably around the perimeter, but the distinctive topographical
features and higher elevation of the recently disused 1 & 2 dam
combine to Peale a more obtrusive visual impact upon the surrounding
countryside. The steeply sloping walls of this dam pose additional
problems through their instability.
The particle size distribution of tailings renders them particularly
susceptible to erosion (Plate 3A) but the risk of polluting adjacent
land is minimised by containing the waste within dams. The spread of
tailings on to surrounding land is restricted uy the freeboard on the
retaining wall which prevents any uncontrolled run-off of water from
the dam surface. Surface layers of tailings in 1 & 2 dam are however
liable to wind erosion and this has resulted in dispersal of finely-
ground tailings and deposition on to adjacent agricultural land aaa
for grazing livestock.
Attempts to reduce erosion and improve surface stability by
physical methods or by the addition of chemical binding agents have
been successful on tailings dams elsewhere (Dean et al., 1969; 1971)
but the effect is often temporary and the procedure expensive (Peters,
1970). Furthermore, these techniques do not help to rectify the loss
of amenity value caused by the contrast which a large area devoid of
vegetation forms with the surrounding countryside (Plate 3B).
The tailings effluent is pumped directly from the processing
plant to the dam (Plate 2B) in the form of an aqueous slurry which is
transported in wide bore steel pipes (20cm. diameter). The suspended
solid material separates slowly and consolidates, whilst the partially
. i
AN, " 
Plate 5A: Deposition of metalliferous mine waste
on previously uncontaminated land, caused
by water erosion of a nearby spoil heap
(Ladywash mine)
 
Plate 3B: Visual impact of a tailings dam upon the




clarified surface water is recirculated (at 3,500 litres per minute)
for use in the washing and heavy media separation plants. The
recirculated water is unsuitable for use in the flotation process owing
to the presence of residual chemical reagents from the initial circulation;
additional water supplies for this process are therefore obtained from
ground water sources (2,250 l.p.m.). As the disposal of tailings
involves pumping 5,750 litres of water per minute into the tailings
dam, the balance of water circulation is maintained by discharging
filtered and clarified effluent (2,250 l.p.m.) into local river systems.
The tailings are pumped into the dam without any prior treatment
except the addition of sulphuric acid in sufficient quantity to adjust
the pH of the effluent from 10.0 to 7.5. The high pH of the original
effluent results from the use of caustic soda during the flotation
process,
CHAPTER 3
THE WASTES AND THEIR VEGETATION
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CHAPTER 3 = THE WASTES AND THEIR VEGETATION
3.1 Characteristics of fluorspar waste
3.1.1 Introduction
Metalliferous mine wastes of differing chemical and physical
characteristics are widely distributed throughout the Peak District
National Park owing to the fragmented nature of the old metalliferous
mining industry. The distribution of fluorspar tailings is more clearly
defined, for present day mining and processing operations are almost
entirely restricted to those of Laporte Industries. Nevertheless, the
various tailings dams currently owned by this company represent a
timespan of between 40 and 50 years during which several modifications
in mining and processing technology have been introduced. Improvements
in technology might be expected to change the chemical composition of
the tailings, for more efficient extraction of the valuable minerals
leads to a decrease in the quantities of these minerals in the tailings.
Many other factors however, including the composition of the crude
mineral ore, tend to modify any direct relationship between the chemical
composition and age of the tailings.
In order to put the potential limitations to plant growth on the
recently disused tailings dam (No. 1 & 2) in perspective, material was
compared with samples from older inactive dams. The latter represent
the waste products of several mining operations variously extracting
lead, barytes and fluorspar during a twenty-five year period prior to
the introduction of the larger dams,
3.1.2 Description of sites
Four major tailings dams are associated with the fluorspar mining
and processing operations of Laporte Industries Ltd. Three of these dams
LS
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are now disused and their salient features are described below.
Glebe dam
Situated in the village of Eyam (SK219764) and originally owned
by Glebe Mines, this site was used for tailings disposal between 1941
and 1962 and became disused upon transference of the processing
operations to the Cavendish Mill Works, Approximately 75,000 tonnes
of tailings have been deposited in the two adjacent dams, the seabtsied
surface area of which is 0.8 hectares. Retaining perimeter walls of the
type described previously (2.4) are absent, the coarse tailings
themselves having been used for construction of the wall, which is of
variable height and gradient around the perimeter.
When this dam was used for tailings disposal, fluorspar and barytes
were extracted from the crude mineral ore by the froth flotation process.
Lead was removed by a relatively inefficient procedure (jigging) which
resulted in a poor recovery compared with that which is achieved using
modern extraction methods.
Head Wrightson dam
This tailings dam is adjacent to the site of the modern processing
operations (SK205753). Although the dam was used for tailings disposal
for more than 25 years (1933-59), the total deposit is comparatively
small at less than 40,000 tonnes. The surface area of the dam is
approximately 0.4 hectares and no perimeter wall is evident. The
tailings disposal area is not clearly defined and the dam is barely
recognisable as an area of mine waste, due to its concealed location.
The tailings in this dam are waste products from the processing
of ores for the extraction of barytes. This mineral is still extracted
but only as a marketable by-product from fluorspar processing.
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1 and 2 dam
This dam, located near the Cavendish Mill processing plant (SK208753) ,
represents the principal area for tailings disposal between 1963 and 1971,
and remained operative on a decreasing scale until 1973. The site
consists of two originally separate tailings lagoons subsequently
combined into a single unit. The dam contains in excess of 800,000 tonnes
of fluorspar tailings and has a surface area of approximately 7 hectares.
The discrepancy between the tonnage of tailings produced annually
(265,000 tonnes), and the tonnage in the dam representing ten years!
production, is explained by a major loss of tailings caused by a collapse
of the retaining wall in 1965. The construction and topographical
features of 1 & 2 tailings dam havebeen discussed previously (2.4).
The tailings in 1 & 2 dam represent the waste products of a
mineral processing operation designed primarily to extract fluorspar,
although lead and barytes were also obtained as marketable by-products.
The extraction procedure was an advanced froth flotation process, the
greater efficiency of which is evident from the lower levels of the
valuable minerals discarded in the tailings wastes (3.1.4).
3.1.3 Physical characteristics
A typical feature of tailings and other metalliferous mine wastes
is that their physical and chemical characteristics are very variable
even within an individual site (Smith & Bradshaw, 1972). In fluorspar
tailings there is considerable variation in particle size arising from
the grinding techhiques employed.
This variation has been utilised during tailings dam construction,
for the coarse fraction of tailings ( >20u diameter particles) has in
the past served as construction material for the perimeter wal  
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Glebe dam). On1& 2 tailings dam, where the retaining wall was
constructed using imported materials, the pipes for conveying the
tailings to the dam were emacs located around the perimeter so tha
t
the aqueous slurry was released adjacent to the wall. The coarse, heav
y
fraction of the tailings separated out from the aqueous suspension
relatively rapidly and the tailings adjacent to the wall therefore
consist mainly of this coarse material which has aided consolidatio
n
and stabilisation of the retaining wall. The fine tailings, requiri
ng
longer to separate out from suspension, tended to accumulate in th
e more
central parts of the dam. This zonal distribution is by no means
clearly
defined for the outlet pipes were regularly repositioned, several of
the temporary locations being towards the centre of the dam. In a
ddition,
the ratio between coarse and fine tailings in the effluent is subject to
considerable variation. The distribution of the coarse and f
ine tailings
is therefore irregular with no defined pattern of deposition in
either
a horizontal or vertical plane.
Vertical profiles of the tailings in 1 & 2 dam were examined
to a
depth of one metre at several randomly selected positions w
ithin the
deposition area. A distinct layering of coarse and fine tail
ings was
evident with clearly defined lines of demarcation between
the fractions
(Plate 4A). The arrangement of these fractions within the pr
ofile was
however, subject to considerable variation between sampling
points.
Mechanical analysis of the tailings was carried out by
the hydrometer
method (Bouyoucos, 1951) in order to provide quantitative v
alues for
particle size distribution. Twenty five different sampling
points were
located by random co-ordinates and material was collect
ed using a soil corer
(3.2 cm.ied.) inserted to a depth of one metre.
The cores were





Profile (O-1 metre) of the tailings in
1 & 2 dam showing the layering of the
coarse and fine fractions.
Effect of fertiliser (rabbit faeces)
on the vegetation naturally established
on fluorspar tailings (Glebe dam).
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facilitate mechanical analysis, measurements of particle size
distribution were recorded for each individual sub-sample without
discarding any portion of the original core.
The mechanical analyses were performed on sodium hexametaphosphate
dispersions of the samples in order to ensure the release of soil
particles from complexes caused by flocculating agents such as calcium
and magnesium. Reales were carried out by wet-sieving the tailings
to separate coarse sand and by recording changes in the density of
dispersed tailings samples, according to the rate of sedimentation of
the fine sand, silt and clay fractions. Sub-samples from each core were
dried at 105° for twenty-four hours to determine the moisture content
of air-dried tailings.. Measurements of particle size distribution are
expressed according to the standard classification of the International
Scale (Table 1).
The particle size distribution and deposition pattern of the various
tailings fraction is of particular relevance to the drainage
characteristics of the material. The permeability of the tailings is
very variable and correlates with the distribution of the coarse and
fine tailings fractions.
In areas where there is a high proportion of fine tailings the
moisture content of the waste is constantly in excess of the field
capacity. The tailings are subject to compaction, particularly in the
deeper layers, and this contributes to the impeded drainage. The water
table in these areas is often less than 0.5 metres below the surface.
In general, however, infiltration of surface water is unimpeded
because discontinuities in the surface structure readily permit the
percolation of water through the uppermost layers of tailings. Cracking











MECHANICAL ANALYSIS OF FLUORSPAR TAILINGS
ee
a ae
Standard diameters of Particle size distribution
of tailings (9%W/y of
oven-dried material)
soil particles (mm)
2.0 - 0.2 1.0 (0.7)
0.2 - 0.02 52.3 (20.8)
0.02 - 0.002 30.4 (13.1)
<.002 16.3 (10.3)
* Mean of 25 replicate core samples, 95°/ confidence
intervals in parentheses
* International Soil Science Society classification
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is enhanced by the drying action of the strong winds occurring at
this high elevation (1020' a.s.l). Areas in which the coarse tailings
predominate are generally well-drained but relatively impermeable
layers of fine tailings are often present. A stable surface crust,
which is increasing in depth with time, is evident over the greater
proportion of the dam surface. This, combined with a gradual lowering
of the water table, indicates that the natural influx of precipitation
is exceeded by water losses through drainage and surface evaporation.
Number 1 & 2 dam has only recently ceased to be used for disposal
so the water content of the tailings is still decreasing. This
transition can lead to an overestimation of the importance of particle
size distribution in restricting drainage. The tailings in Glebe and
Head Wrightson dams, both of which have been disused for several years,
are completely dry and colonised by plants although they have particle
size distributions similar to that of tailings in 1& 2 dam. On both
of these sites, surface evaporation and transpiration from plants and
tailings, combined with the improved drainage and permeability of the
latter as a result of root growth and development, have produced stable,
comparatively well-drained areas of tailings.
Several areas of 1 & 2 dam can support heavy machinery and this
provides a further indication of the gradual consolidation and stabilisation
of the tailings. But certain areas of fine tailings where the surface
is apparently stable, have a low load bearing capacity because of the
thixotropic properties of the underlying material.
3.1.4 Factors affecting chemical composition
The chemical composition of tailings varies according to the
source of the crude ore and the efficiency of the processing in relation
to the recovery of the minerals of commercial value. The chemical
26
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composition of the crude ore is regularly monitored, mainly for quality
control; similarly, the tailings are analysed to provide information
relating to processing efficiency. - ©
The routine analysis of crude ore and tailings is usually restricted
to the determination of barytes, silica (reported as complex alumino-
silicates), fluorspar, lead and calcium carbonate. Average values for
the chemical composition of tailings in the disused Head Wrightson,
Glebe and 1 & 2 dams and the currently operational No.3 dam, reflect
improvements in the technology of mineral processing, the valuable
mineral content of the waste varying according to the age of the deposit
(Table 2). The relationship is not clearly defined because of variation
in the composition of the crude ore and changes in the industrial demand
for the constituent minerals.
The values presented in Table 2 represent the average chemical
composition of the tailings and crude ore as determined by procedures
which are primarily designed to enable rapid, routine analysis of
large numbers of samples (Int. Tech. Repts. Laporte Indsts. 1971 &
1972). The analysis is therefore incomplete, because only selected
components of the sample matrix are quantitatively determined and no
account is taken of accessory minerals such as sphalerite and celestite
(strontium sulphate, SrSO,,), which are usually present in small quantities.
301.5 Heterogeneity in chemical composition
The chemical composition of mine waste is particularly important
in relation to plant growth and development. The capacity of tailings
to supply essential plant macronutrients is one of the Sea! factors
influencing plant growth on tailings dams (Nielson & Peterson, 1972,
1973; Peterson & Nielson, 1973). Pla
 
the unextracted valuable minerals in
TABLE 2
AVERAGE CHEMICAL COMPOSITION OF FLUORSPAR TAILINGS®
%
% Complex % %
Site reference CaCO alumino-— BaSO CaF
3 ae % 4 2
A silicates
GLEBE
DAM SK 219764 25 26 22 22
HEAD“
WRIGHTSON
DAM SK 205753 15 20 23 33
A
No.1&2
DAM SK 208753 30 22 16 29
A
No.3
DAM SK 204752 32 31 16 12
CRUDE OREC
(reserve SK 208752 12 18 27 26
stockpile)
x Internal technical reports (1971 & 1972) of
Laporte Industries Ltd.
e w/w oven-dried tailings
“ Average chemical composition of tailings
produced between Jan 1974 and Sept 1974
O Typical analysis of crude ore
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other associated mineral inclusions (e.g. ZnS).
Heterogeneity in the chemical composition of mine waste is well
known (e.g. Gadgil & Gadgil, 1965). Investigations of the suitability
of mine waste as a medium for plant growth may be hampered by this
variability and the difficulties of obtaining representative samples
(Street & Goodman, 1967). Variation in the chemical composition of
fluorspar tailings was therefore investigated for three non-ferrous
metals, lead, zinc and copper, known to be present in the matrix.
The decomposition of soils for total elemental analysis is usually
achieved by fusion with sodium carbonate (Piper, 1944; Robinson, 1945)
or by digestion with concentrated perchloric and hydrofluoric acids
in platinum crucibles (Jackson, 1958). Procedures which eliminate the
need for expensive platinum utensils have been proposed for the
determination of lead in mineral ores (Goetz & Debbrecht, 1955), and
metallic trace elements in soils (Holmes, 1945; Lundblad et al., 1949).
These procedures involve treating the sample with hot, concentrated
perchloric or nitric/perchloric acids, but they do not result in the
complete decomposition of silicate minerals. Undigested silica
residues from perchloric acid digestions have been found to contain
traces of copper, zinc and lead (Holmes, 1945), due to fixation in the
crystal lattices of soil minerals, but complete extraction of metallic
cations from the mineral fraction of soils has also been reported
(Jackson, 1958).
The accuracy of a nitric/perchloric acids wet oxidation procedure
for the estimation of total lead, zinc and copper in fluorspar waste
was therefore examined prior to investigations of heterogeneity in
chemical composition. The samples used to evaluate this extraction
method were randomly selected from cores of tailings collected for the
heterogeneity investigation.
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Eighteen cores were collected from each of the three dams using
a grid which was positioned over the greater proportion of the tailings
deposit at each site. The grid was located so that samples were not
collected within three metres of the retaining wall. The perimeter of
the dams was avoided because on the older sites it has been used as a
disposal area for a number of waste mterials not connected with
fluorspar tailings. Furthermore, the boundary between the retaining
wall and the tailings is often indistinct so that tailings around the
perimeter may contain some of the material used for construction of the
dam wall. Cores of tailings were collected to a depth of 25cm, the
position of the sampling points being determined by the location of pairs
of random co-ordinates within the grid.
The individualcores, after being oven-dried for five days at 60°C,
were broken up by hand and sieved (2mm) to remove occasional large
pieces of fluorspar and limestone and to separate plant roots and organic
debris. Although the majority of the sieved products consisted of very
fine tailings, samples were ground in a Glen-Creston micro-hammer mill
fitted with a 0.2mm screen. It was established that the hammer mill did
not contribute lead, zinc or copper to the sample (Appendix A).
Sub-samples from randomly selected cores were extracted with nitric/
perchloric acids (4:1 v/v) whereupon the residual, undigested material
was removed from the extract by filtration and digested separately using
perchloric/hydrofluoric acids (Appendix A). Separate determinations of
the metal content of the HNO,/HCLO), extracts and HC10,,/HF digests were
made using a Pye-Unicam SP9OA Atomic Absorption Spectrophotometer fitted
with an inert atomiser., The instrument conditions used to attain
maximum sensitivity are given in Appendix A.
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The results indicate that extraction with nitric/perchloric
acids permits quantitative determinations of lead, zinc and copper in
fluorspar tailings (Table 3A). Despite variation in the lead and zinc.
content of the wastes, no difference in the efficiency of the extraction
was apparent between sites.
Heterogeneity in the chemical composition of the tailings was
therefore determined by analysing further sub-samples of each core,
using the nitric/perchloric acidsextraction procedure. These analyses
confirmed that there is considerable variation in the lead and zinc
content of fluorspar tailings within the individual sites, in addition
to the anticipated variation between sites (Table 3B). The copper
contents of the various tailings deposits are similar however, and the
values barely exceed those which might be expected in normal soils
(Swaine, 1955), although high levels have been observed in other
metalliferous mine wastes from the Peak District (Smith, 1973).
Investigations of plant growth on mine wastes which have a surface
area of several hectares cannot generally take direct account of this
variation because tailings which contain particularly high concentrations
of metals are erratically distributed throughout the waste. However,
the determination of the extent of heterogeneity establishes the range
of conditions likely to be encountered within each site.
3.2 Limitations to plant growth and development
3.2.1 Heavy metals
The chemical analyses established that fluorspar tailings contain
variable but unusually high concentrations of lead and zinc. Both these
elements are often referred to as "heavy metals", a term usually applied
31
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HNO3/HC104 HC104/HF® HNO3/HC10, HC104/HF HNO3/HC104 HC104/HF
soluble soluble soluble soluble soluble soluble
*
29800 277 99.0 15400 26 99.8 39 0.5 98.7
33400 270 99,2 15200 306 98.0 49 2 97.6
33100 405 98.8 19700 47 99.8 44 0.8 98.2
33200 470 98.6 3240 32 99.0 40 0.7 98.3
30600 825 97.4 2860 69 97.6 27 0.6 97.8
30400 334 98.9 2800 24 99.1 46 1.0 97.9
5770 96 98.4 2400 8 99.7 29 0.5 98.3
5980 115 98.1 1930 39 98,0 34 1,0 97.1
7130 57 99.2 1940 27 98.6 37 0.2 99.5
7350 54 99.3 2260 13 99,4 35 0.1 99.9
6970 200 97.2 2220 79 96.5 21 0.2 99.1
# HNO3/HC104 soluble lead, zinc or copper as a percentage of the total.
4 Data expressed in p9/ogm oven-dried tailings,
@ HC10,/HF digests of the residue from the HNO3/HC104 extraction, according to
the method of Jackson (1958).
HETEROGENEITY IN THE CHEMICAL COMPOSITION OF FLUORSPAR: TAILINGS :
—ELMSPARTAILINGS
Lead * Zinc”
1 + 2 DAM 6500 = 339 ~=.1990 * 90
Coefficient of variation** 22.1 19.2
HEAD WRIGHTSON DAM 32600 = 546 2910 = 95
Coefficient of variation Fak 13.9
GLEBE DAM 30600 = 879
©.
16200 * 487
Coefficient of variation 12.2 12.7
@ Data expressed in po/ogm oven-dried tailings
* Mean * standard error (n=18)
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to any of the metallic elements having a density greater than five
(Passow et al., 191). Several of these metals are linked by the
common feature that when present in the environment at high concentrations,
they may adversely affect biological systems (Schroeder, 1971).
Although many of these elements are widely distributed in the
environment at low levels (Swaine, 1955; Bowen, 1%6), artificially
high levels have beer reported, often as a result of industrial
activities such as the smelting of metalliferous ores (Street & Goodman,
1967). The many uses of refined metallic products are contributing to a
general intensification of environmental pollution caused by heavy metals
(Ruhling & Tyler, 1968; 69). Their chemical derivatives are widely used
as fuel additives (Cholak et al., 1968; Warren & Delavault, 1960),
corrosion inhibitors (Harris, 1946) and pesticides (Danielson, 1%9).
There are many studies which relate the incidence of chronic disease
in man to increasing metal contamination of the environment; they
include investigations of atmospheric pollution (Dohan et al., 1962;
Hickey et al., 1967), soils 25 relation to land use and food production
(Stocks & Davies, 1964) and water supplies (Allen-Price, 1960).
Areas of metalliferous mine waste are widely distributed
throughout Great Britain and studies of the effects of their chemical
composition upon plant growth and development have concentrated on the
lead, zinc and copper mining wastes of north and mid-Wales (Gregory
& Bradshaw, 1965; Smith & Bradshaw, 1972). Although some colonisation
by plants is aay evident, most- mine wastes are largely devoid of
vegetation. Consequently, the sites are visually unattractive anda
source of pollution because the bare spoil banks are liable to erosion
and dispersal by wind and water. The absence of a vegetation cover is
due to several factors including plant macronutrient deficiencies and
the unfavourable physical characteristics of the substrates, which result
33
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in poor water retention and surface drought; but the most important
limiting factor is the high concentration of phytotoxic heavy metals
in the waste (Antonovics et al., 1971).
The lead and zinc concentrations recorded in toxic metalliferous
wastes by Smith (1973) and Street and Goodman (1967) are comparable
to the concentrations recorded in the three principal deposits of
fluorspar tailings. Nevertheless, conclusions drawn from these studies
do not necessarily apply to fluorspar tailings because the influence
of several factors affecting heavy metal toxicity including solubility,
pH, organic matter and the calcium carbonate content of the wastes varies
according to the origin and nature of the deposit. However, the
concentrations of lead and zinc in the tailings are very high and were
therefore expected to influence plant growth and development.
3e2e2 Fluorine
Chemical analyses (Table 2) indicated that all the fluorspar
tailings deposits contained very high levels of fluoride, the average
calcium fluoride content varying between approximately 20- and 30% w/w.
The phytotoxicity of fluoride has long been recognised, but the profound
adverse effects upon agriculture and man have intensified in recent years
with the expansion of industries which use fluorine-containing minerals
as metallurgical fluxes and catalysts. The commonly occurring phytotoxic
forms of fluorine are hydrogen fluoride (HF) and silicon tetrafluoride
(SiF,), both of which are found in gaseous emissions from industrial
processes which manufacture phosphate fertilisers, brick, steel and
aluminium (NAS, 1971). Particulate forms emitted simultaneously
include cryolite (Na,AlF¢), calcium fluoride and aluminium fluoride
(alr). But the phytotoxicity of fluoride has been studied principally
by controlled fumigation experiments with gaseous compounds (Hitchcock
et al., 1962; Benedict et al., 1964; Brewer et al., 1967).
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The metabolic effects of fluoride-induced phytotoxicity are
multiple. Several enzymes, notably enolase and phosphoglucomutase,
which are associated with the glycolytic respiration pathway, are
particularly sensitive to fluoride and their inhibition affects
respiration and carbohydrate metabolism (McCune et al., 1965).
Diminished photosynthetic activity (Thomas & Hendricks, 1956) and
reduced growth pabes (Bonner & Thimann, 1950) have also been reported
but the effects are not necessarily negative, for stimulation of
vegetative growth has been observed at low concentrations (Aso, 1906;
Adams & Sulzbach, 1961).
Relatively little information about the phytotoxicity of fluoride
in soil is 4Vailable. Artificially high levels in soils are usually
related to atmospheric pollution, phosphatic fertilisers containing
fluorine, or to compounds such as sodium fluoride and fluoroacetate
which are used for the control of vermin (Metcalf, 1966; Pattison, 1959).
The concentration of fluoride in normal uncontaminated soils is within
the range 20-500 ugF/g (Robinson & Edgington, 1946) although
concentrations in excess of 8,000 ugF/g have been reported (MacIntire
et al., 1949). Experimental additions of calcium fluoride to soils
generally have little effect on fluoride uptake by plants (Hansen et al.,
1958; MacIntire et al., 1955), and there is often no correlation
between fluoride in soil and in the associated flora (MacIntire et al.,
1958). This is supported by Hall (1972) who showed that several tropical
species including Gastrolobium bilobum R.Br., Oxylobium parviflorum Benth.
and Palicourea marcgravii St.Hil. can accumulate fluorides from soils
which have a low fluoro-mineral content,
Conclusions drawn from experiments which artificially incorporate
fluoride into soils do not necessarily apply to the potential
phytotoxicity of the fluoro-minerals in fluorspar tailings. Differences
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in the physical properties and chemical composition of the substrates
suggest that direct comparisons would be of limited value. Several
factors. including pH, soil type and the calcium, phosphorus and organic
matter content of soils are known to influence the availability of
soil-borne fluorides to plants (Gisiger, 1968; MacIntire et al., 1942;
Nommik, 1953). Uptake by plants is generally greater when the source
of fluorine is atomeseelrely soluble compound such as sodium or
potassium fluoride rather than insoluble forms such as calcium fluoride
(Hurd-Karrer, 1950; MacIntire, 1952). Although the heavy metals were
liable to be one of the primary factors limiting plant growth on
fluorspar tailings, it was considered that the high levels of calcium
fluoride (Table 2) might also impose limitations depending upon the
phytotoxicity and availability to plants of fluorine compounds in the
substrates.
The fluoride content of plants established on fluorspar tailings
was therefore determined and the potential toxicity of the vegetation
to livestock considered. This was particularly important in view of
the recently reported biosynthesis of fluorocitrate and. fluoroacetate
in forage crops (Lovelace et al., 198) and soyabeans (Cheng et al.,
1968). Both compounds are extremely toxic to mammals (Buffa & Peters,
1949; Hall, 1972).
3.2.5 Nutrient status
In common with most metalliferous mine wastes, fluorspar tailings
are usually deficient in macronutrients which are essential for plant
growth. Chemical analysis of slags derived from the smelting of
metallic ores has indicated extremely low levels of nitrogen, phosphorus
and potassium in the waste materials (Gadgil & Gadgil, 1965). Similar
observations have been reported for metalliferous mine wastes (Smith &
Bradshaw, 1970) and mine tailings (Nielson & Peterson, 1972). Populations
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of Agrostis tenuis Sibth. established on toxic mine waste are not only
adapted to heavy metals (3.3), but also to the low nutrient levels
(Bradshaw et al., 1960). The addition of fertilisers to heavy metal
contaminated wastes has been shown to significantly improve plant growth
(Smith & Bradshaw, 1972).
The calcium content of mine waste can affect the suitability of
the material as amedium for plant growth. Acting directly, or indirectly
by influencing pH, calcium influences the availability of heavy metals
to plants, Variation in the solubility of lead and zinc in mine waste
and normal soils has been attributed to the calcium content of the
substrate (Hooper, 1937; Navrot & Ravikovitch, 1969). However, the
beneficial effects of liming metal wastes are most apparent where
fertilisers have also been added to the substrate (Street & Goodman, 1967).
Mine waste will obviously have a low organic matter content,
The addition of organic manures such as sewage sludge and municipal
refuse can markedly improve plant growth on mine waste (Street &
Goodman, 1967). Organic matter is often applied as a surface treatment
but maximum benefit is usually obtained if the material is incorporated
into the upper layers of spoil. Improved surface stability, as a
result of incorporation, reduces the problems of wind and water erosion.
Water-holding capacity is also increased and this assists seed
germination and plant establishment. But practical considerations
often determine which method of application is used.
The beneficial effects of organic amendments are attributable
mainly to their chemical composition, They contain high levels of
nitrogen, phosphorus and potassium, which are released by the gradual
decomposition of the organic matter. In addition, complexing of heavy
metals by organic matter can alleviate the phytotoxicity of mine waste
by rendering the metals less available to plants (Hodgson et al. 1966;
Lucas, 1948). Complexing of heavy metals by phosphate has also been
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observed (Ganiron et al., 1969), and the distribution of plants on
metal contaminated soil may be determined by the phosphorus content
of the matrix (Nicholls et al., 1965).
Trace-element deficiencies are uncommon in calcareous, metalliferous
wastes, since plant micronutrients including manganese, cobalt, copper,
iron and magnesium are invariably associated with lead and zinc in
mineral ores containing a high proportion of calcium carbonate. The
micronutrient status of fluorspar tailings was nevertheless investigated
during experimental field trials in view of the unusual chemical
composition of the material.
In the light of previous work it was interesting to note at the
outset an increased productivity of vegetation adjacent to deposits
of animal faeces (Plate 4B), suggesting that plant growth on fluorspar
tailings is restricted by the low inherent fertility of the substrate.
A major part of the investigation therefore examines this problem. The
nitrogen, phosphorus and potassium status of the three major deposits
of fluorspar tailings were determined by chemical methods (6.3), and
the results considered in conjunction with standard nutrient interpretation
tables (ADAS, 1973) and the total levels of these nutrients in typical
agricultural mineral soils (Bear, 1964). Experimental field trials and
laboratory experiments were also designed to investigate the effects of
nutrient status upon growth, with particular reference to nitrogen and
phosphorus nutrition.
303 Heavy metal tolerance in plants
Heavy metal tolerance in plants is well established and tolerance
to such metals as nickel (Gregory & Bradshaw, 1965), copper (Repp, 1963;
McNeilly, 1968), zinc (Gregory & Bradshaw, 1965) and lead (Jowett, 1958;
1964) has been reported. Metal tolerant populations of higher plants
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in Great Britain are dominated by examples from the family Gramineae
(Antonovics et al., 1971). Not all species have the capacity to evolve
tolerance but the mechanism does not appear to be restricted to one
particular plant family (Bradshaw et al., 1965). Heavy metal tolerance
is always related to the ability of species to evolve populations which
are specifically adapted to the heavy metals prevailing in their
separate environments.
Metal tolerance is attributable mainly to internal mechanisms.
These are distinct from external factors which determine the availability
of heavy metals to plants (3.2.3) and which are independent of the plants
themselves. Internal tolerance mechanisms have been examined many
times, and it appears that tolerant plants render the metals innocuous
by complexing them (Antonovics et al., 1971). In zinc- and sapeeeetoleriae
populations, the metals are bound in root cell walls (Turner & Gregory,
1967; Turner, 1969; 1970; Peterson, 1969) and therefore excluded from
active metabolic sites. However, observations that cytoplasmic zinc
in the shoots of tolerant plants is present as a stable anionic complex
(Peterson, 1969) suggest that the tolerance mechanism is at least partly
intracellular, The mechanism of lead tolerance is unclear but studies
of lead uptake by plants (Nicolls et al., 1965) suggest that the
mechanism is similar to that of copper tolerance.
Metal tolerance is genetically determined and is specific to the
metals contaminating individual sites. Despite the specificity of the
tolerance mechanism, tolerance to more than one metal can be combined
in a single population or plant (Gregory & Bradshaw, 1965).
The limitations to plant growth on metalliferous wastes are
multiple but metal tolerance in plants has been recognised recently
as a means by which heavymetal phytotoxicity may be overcome. Metal
tolerant populations of several grass species have been successfully
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used to establish a vegetation cover on toxic wastes. Plant growth is
enhanced where fertilisers supplying essential plant nutrients are
applied together with the tolerant seed (Street & Goodman, 1967; Smith
& Bradshaw, 1972).
Although the chemical composition of fluorspar tailings differs
in several ways from metalliferous mine waste, a common feature is the
high boneenertien of heavy metals, particularly lead and zinc. Heavy
metal tolerant plants were therefore used in some of the investigations.
3.4 Survey of natural vegetation
34.1 Description of sites
The three main fluorspar tailings dams have, to varying extents,
been naturally colonised by plants but it was apparent that the indigenous
vegetation exhibited considerable variation between sites in the species
composition and productivity of the swards. This variation and the
overall characteristics of the vegetation should provide some indication
of the characteristics of the tailings. A survey of the natural
vegetation established on the main fluorspar tailings deposits was
therefore carried out.
The vegetation on several other deposits of calcareous metalliferous
(Pb/Zn) mine waste not associated with fluorspar mining was also surveyed
for comparative purposes. The characteristics of several of these sites
have been reported previously with the conclusion that metal tolerant
populations of a limited range of species (mostly grasses) are the
principal colonisers of these areas (Smith & Bradshaw, 1972). Other
sites included within the vegetation survey were lead and zinc
contaminated mine wastes from various parts of the Southern Pennine
orefeld. Many of these were found to contain high levels of fluorspar
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because the mineral ores were originally processed for lead alone
(and occasionally zinc), fluorspar being treated as a gangue mineral.
The characteristics of the sites are outlined in Table 4 together with
the total levels of lead and zinc in the wastes and the pH values
determined in deionised water (ADAS, 1973).
The species are listed in Table 5. The presence of a particular
species was nig:rebordaa where the plant was actually growing on the
waste itself; the vegetation established on imported refuse, soil and
rubble, all of which were evident on various sites, was excluded from
the survey. The retaining walls of tailings dams were also excluded
because ,even where they were constructed of tailings, imported soil
was often used to cover the waste.
3.4.2 Results and discussion
It has been recognised for a long time that certain species are
associated with soils containing high concentrations of metals. Several
of these species have been used as indicators of mineral ore deposits
(Duvigneaud, 1958; Cole, 1965) but the concept of indicators and their
value in biogeochemical prospecting have been questioned (Antonovics
et al., 1971) because several indicator species can also be found on
non-metal bearing soils (Howard-Williams, 1970; Wild, 1968). A
refinement of the indicator concept is the classification proposed by
Lambinon and Auquier (1964) in which the colonising species are recognised
as metallophytes or pseudometallophytes, the former occurring only on
metal-contaminated soils, the latter on uncontaminated soils as well.
The reliability of botanical indicators is improved if metalliferous
ores are docated by the presence of several characteristic species in
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Details of analytical methods are givenin Chapter 6.3. and Appendix A,
* Not included in the vegetation survey
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Early phytosociological studies of plant communities established
on metalliferous mine waste were based upon the associations formed by
plants growing on metal contaminated soils (Schwickerath, 1931; Koch,
1932) but these classifications were indistinct because several species
were common to a number of associations (Ernst, 1965). A more recent
examination of these plant communities has been made by Ernst (1968a;
1968b) using pigiocockolbeical. techniques pioneered by Braun-Blanquet
(1951). The system proposed by Ernst relies upon a single basic unit
of classification, the association, which may be sub-divided or combined
with other associations into families, orders and classes.
All the natural plant communities on heavy metal wastes in
Europe are combined within one separate class, the Violetea calaminariae,
which contains only one order sub-divided into three families, the
Armerion halleri, Thlaspeion calaminariae and Galio-Minuartion vernae.
Applying these categories to metal contaminated spoil heaps in the Peak
District, Ernst (1968a; 1968b) classified the plant communities within
the family Thlaspeion calaminariae recognisable by the species Thlaspi
alpestre L., Festuca ovina L. and Agrostis tenuis. The distribution of
species on the present series of mine wastes is therefore interesting.
Only on one occasion were these three characteristic species
grouped together on a site (i.e. Blakedon Hollow) so precise classification
of the flora of British mine sites within individual families of the
class Violetea calaminariae may be inappropriate. The association
Minuartio-Thlaspetum, which may be classified within the family Thlaspeion
calaminariae (Shimwell & Laurie, 1972), was also observed on very few
sites although it has beenproposed as one of two major types of heavy
metal tolerant vegetation occurring throughout the Pennines (Shimwell,
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were colonised by Thlaspi alpestre and Minuartia verna L. which are
species characteristic of this association. On four sites neither
of these species was observed and on no site were all the recognised
subsidiary species (Festuca ovina, Thymus drucei Ronn., Linum catharticum L.
and Lotus corniculatus L.) found in association (Table 5). Minuartio-
Agrostidetum, the second major vegetation type occurring on mine waste
in the Pennines (Shimwell, 1968) , is characterised by the co-dominance
of Agrostis tenuis and Agrostis stolonifera L. but it is restricted
to soils of low pH (4.4 - 5.8) and was not therefore found on the
calcareous substrates (pH 6.8 - 7.7) studied in this survey.
Neither the regional classification proposed by Ernst (1968b) nor
the system described by Shimwell and Laurie (1972) is completely suited
to definitive phytosociological studies of the flora of metalliferous
mine wastes in the Peak District. The limitations of the former are
recognised, because in the absence of the characteristic species plant
communities are placed collectively within the class Violetea calaminariae
(Ernst, 1968a; 1968b). The classification may therefore be too detailed
. to allow for the considerable variation between sites in the species
diversity and composition of the natural flora,which must be partly
associated with the random element in the process of colonisation.
An examination of the plant communities using the relatively
simple classification of Lambinon and Auquier (1964) is more informative
but this system also has limitations, In this classification Minuartia verna
and Thlaspi alpestre are described as absolute metallophytes and the
distribution of species in this category is restricted to metal
contaminated soils. Yet in Great Britain both these species are also
found on uncontaminated base-rich rocks, screes and pastures. Nevertheless,
they are characteristic components of the indigenous vegetation of toxic
metalliferous mine waste (Smith, 1973). Minuartia verna is present on all
45
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the examined sites except one in the Peak District where the concentration
of lead and zinc in the waste exceeds 1% w/w but, together with
Thlaspi alpestre, it is noticeably absent from spoil heaps containing
lower levels of heavy metals. Its distribution on disused fluorspar
tailings dams is restricted to the potentially most toxic of the three
sites, namely Glebe dam (Plate 5A).
Pseudometallophytes are present throughout the range of sites
investigated. Agrostis tenuis and Rumexacetosa L. in particular, both
of which are elective pseudometallophytes and are therefore abundant
and often more vigorous on contaminated soil (Lambinon & Auquier,
1964), are common to most sites: this implies that the former is not
necessarily restricted to acidic metalliferous spoils as has been
reported for mine sites in Wales (Smith & Bradshaw, 1972). Indifferent
pseudometallophytes, such as Plantago lanceolata L., show neither
enhanced vigour nor abundance on contaminated soils but are consistent
members of the plant communities, particularly on the calcareous spoil
heaps.
From the data in Table 5 it can be seen that with the exception of
No. 1 & 2 and Head Wrightson tailings dams and both Pasture and New
Engine mines, the species comprising the natural flora are characteristic
of toxic metalliferous mine waste. Typically, the species diversity and
the extent of natural colonisation of the acidic spoil heaps are
restricted compared with the calcareous spoil heaps. The former are
dominated by Festuca ovina and Agrostis tenuis whilst Festuca rubra L.
is the principal coloniser of the latter sites, Whilst these species
are widely distributed throughout the British Isles, they are known to
exhibit metal tolerant populations and are regular members of the
indigenous flora of derelict metalliferous mine sites (Smith & Bradshaw,
1972). These observations are consistent with the lead and zinc contents
 
   
Natural vegetation cover - Glebe tailingsdam
(Sward includes Minuartia verna, and is
dominated by Festuca rubra. The sycamore
(Acer pseudoplatanus) is 8 years old.
Natural vegetation cover - Head Wrightson
tailings dam.
(40 species recorded growing in the tailings,
many of which are not usually associated with
toxic metalliferous wastes e.g. Trifolium repens).
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of the wastes (Table 4) which vary greatly but are within the range
reported for metalliferous wastes exhibiting typically metal tolerant
flora (Gregory & Bradshaw, 1965).
Bioassay experiments described later confirm that the metal
content of many of the wastes is sufficient to adversely affect the
growth of commercial varieties of grasses (6.2) and that Festuca rubra
has developed metal tolerance on these sites. Nevertheless, species
not known to exhibit metal tolerance are present on certain sites. Some
of these species (e.g. Lotus corniculatus) are recognised members of
plant communities included within the class Violetea calaminariae
(Ernst, 1966) but others such as Digitalis purpurea L., Ranunculus
repens L. and Trifolium repens L. are rarely found on metalliferous
waste.
These atypical species are most noticeable on Head Wrightson
tailings dam: thirteen of the forty species present are not found on any
of the other of the sites surveyed. The high productivity of the
naturally established plant community on this site is also unusual
(Plate 5B). The flora includesSorbus aucuparia L., Fraxinus excelsior L.
and Crataegus monogyna Jacqe, whereas trees and shrubs have not
previously been reported on metal contaminated spoil heaps. Their
presence is perhaps explained by the comparatively low zinc content of
the spoil and by its high macronutrient status with respect to nitrogen
and phosphorus. Chemical analyses reported later (6.3) show that there
is an unusually high level of phosphorus in the spoil. This is
attributable to the use of phosphoric acid for bleaching barytes prior
to marketing. Although this practice has been discontinued, a
proportion of the phosphoric acid was discarded in the tailings so their
inherent fertility is greater than that of the wastes produced currently.
The high nitrogen level is probably related to the presence of nitrogen-
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fixing legumes (e.g. Trifolium repens) as major components of the sward.
Despite the comparatively recent withdrawal of 1 & 2 dam as an
active disposal area, a sparse, natural vegetation cover was present
at the time of the survey. The flora included several of the atypical
species found on Head Wrightson dam, such as Lolium perenne L.,
Trifolium pratense L. and Trifolium repens, but no species could be
considered dominant because the greater proportion of the dam surface
was devoid of vegetation. A similar situation exists at Parc mine
(SH603737) where wind erosion limits plant establishment and colonisation
is restricted to a few isolated individuals. The comparatively broad
species diversity of the vegetation established on the nutrient
deficient tailings of 1& 2 dam suggested that artificial revegetation
of the site would depend mainly upon ameliorating the low fertility of
the tailings rather than upon alleviating their potential phytotoxicity.
3.5 Restoration as the alternative to natural colonisation
Natural colonisation of older deposits of mine waste in the Peak
District has in many cases resulted in vegetated spoil heaps which are
barely recognisable as deposits of metalliferous spoil. However, when
a modern tailings dam ceases to be used, the development of an effective
vegetation cover by natural colonisation may take several years because
of the low nutrient levels and phytotoxic mineral inclusions in the
tailings. During this transition period the tailings are subject to
redistribution by wind and water erosion. It is obviously important
to minimise this dispersal problem by artificially introducing a
vegetation cover to stabilise the surface. But before large scale
restoration programmes can be implemented, investigations are necessary
to determine precisely the limitations to plant growth and development,
CHAPTER 4
DEVELOPMENT OF ANALYTICAL TECHNIQUES
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CHAPTER 4 - DEVELOPMENT OF ANALYTICAL TECHNIQUES
4.1 Introduction
The value of chemical analysis for comparing soils as media for
plant growth is limited by the diversity of factors which control the
effects of chemical components of soils upon plants. Although chemical
analyses can be used directly to evaluate soil nutrient status, they
are often more useful when interpreted together with the results of
foliar analyses of vegetation established on the soil (Walsh & Beaton,
1973), because these indicate more precisely the limitations to plant
growth and development.
Besides nutrient status, the major potential limitations to the
establishment of vegetation on fluorspar tailings are the lead, zinc,
and fluoride contents of the waste. An evaluation of these components
in relation to plant growth and the grazing of livestock was therefore
considered to be important. This involved analysis of plants which
naturally colonise these areas and those which were established during
trials under glasshouse conditions and in experimental field plots.
The large numbers of samples to be analysed indicated that precise
and rapid analytical techniques were necessary. Although procedures
for the determination of lead and zinc in vegetation are well established,
considerable variation has been reported where fluoride has been analysed
rountinely in several laboratories using a standardised vegetation
sample (Jacobson & McCune, 1969). It has even been suggested that
because of the large number of analytical procedures and the variation
in results according to the method used, no individual procedure can be
recommended for widespread application (MacDonald, 1965). In view of
the phytotoxicity of many fluorine compounds, the absence of rapid and
reliable analytical methods is a serious problem.
However, several similarities are apparent between the methods
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of sample preparation for the determination of fluoride in biological
materials using the fluoride specific electrode, and some of the more
widely used wet oxidation procedures for the analysis of heavy metals
in vegetation. The preparation of a single plant extract or digest
which would permit the accurate, quantitative determination of lead,
zinc and fluoride in vegetation was therefore investigated. The diversity
in techniques for sample preparation, isolation of fluoride from
interfering substances and the determination of fluoride in solution
were also examined. This was an extensive investigation but it was
considered essential for evaluating fluorspar tailings as a medium for
plant growth and for the ultimate success of the restoration programme.
4,2 Analysis of fluoride in biological materials
The analysis of fluoride in biological samples is traditionally
performed using the Willard/Winter distillation (Willard & Winter, 1933)
and its modifications (Remmert et al., 1953; Fox & Jackson, 1959). After
preliminary ashing of the sample at 500-600°C, fluoride is separated
from potential interferents in the sample matrix by steam distillation
with perchloric acid at 135°C or sulphuric acid at 150°C. The distillate
is then titrated with thorium nitrate using Alizarin red, Chrome Azurol
S or SPADNS (trisodium salt of 2-(p-sulphophenyl-azo)-1,8-
dihydroxynapthalene -3,6-disulphonate) as indicator (Willard & Horton,
1950). Modified procedures for the analysis of fluoride in vegetation
usually include fusion of the plant ash with potassium or sodium
hydroxide. This causes silicofluoride decomposition and may improve
recovery, for fluorine combined with or in the presence of silica may
be refractive to distillation (Remmert et al., 1953; Rowley et al., 1953).
These methods of analysis have been thoroughly tested and,although they
are usually very accurate (Thomas & Amtower, 1969) ,their time consuming
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and complex nature and the extensive apparatus required, render them
unsuitable for rapid routine determinations of fluoride in vegetation.
In recent years several alternative procedures have been introduced.
Many of the gravimetric and volumetric techniques for determining
fluoride in the distillate have proved insensitive to the microgram
levels frequently found in biological materials. Radiochemical and
enzymic methods also have limitations so colorimetric procedures remain
one of the primary methods of detection. The alizarin fluorine blue
colorimetric method (Belcher et al., 1959) has removed much of the
uncertainty inherent in the use of reagents such as Zirconium -
Solochrome Cyanine R (Hall, 1968) which are bleached by the fluoride
ion. The method involves formation of blue ternary complexes between
alizarin complexan (3-(di-(carboxymethyl)aminomethyl)1,2-di-hydroxy-
anthraquinone), a rare earth cation, either cerium (Yamamura et al.,
1962) or lanthanum (Greenhalgh & Riley, 1961), and fluoride. The
concentration of fluoride is directly determined by monitoring the light
absorbance of the blue fluorochelate at 615 nm, but for accurate
determinations at low levels the chelate is initially extracted into
iso-butyl alcohol containing hydroxylamine hydrochloride (Hall, 1963;
1968). The method is very sensitive, especially when the medium is
buffered with succinate (Newman et al., 1971), and it is comparatively
free from interferences except those caused by phosphate and sulphate
ions (Megregian & Maier, 1952; Bumsted & Wells, 1952).
Separation of fluoride from potential interferents is usually
accomplished by high temperature distillation or by diffusion.
Modifications of the original diffusion procedure (Singer -& Armstrong,
1954) involve treating the sample with perchloric acid, after prior
ashing with lithium hydroxide/magnesium succinate and fusion of the
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ash with solid potassium hydroxide (Hall, 1968). Acid-labile fluoride
diffuses as hydrofluoric acid and is collected on filter papers
impregnated with 0.5M sodium hydroxide in 50% propylene glycol.
Fluoride is determined spectrophotometrically after treating the filter
papers with lanthanum alizarin complexanate reagent.
Although diffusion and distillation techniques are time consuming,
and require cometiatabie care for quantitative recoveries because of
the several stages between sample preparation and fluoride determination,
they are generally considered more suitable than precipitation (McKenna,
1951; Specht, 1937) or ion exchange methods (Nielson & Dangerfield,
1955; Nielson, 1958; 1960) for isolation of fluoride in routine analysis.
Diffusion techniques have been used during determinations of fluoride
in urine (Cumpston & Dinman, 1965; Farrah, 1964), plant material
(Debiard & ene 1966; Hall, 1960; 1963; 1968; 1972) and soils (Hall
& Cain, 1972).
Semi-automated analysis, using components of the Technicon Auto-
Analyser system, saat many of the manual operations associated
with the Willard/Winter distillation (Weinstein et al., 1963; 1965) and
studies comparing the two methods have reported the former as a suitable
alternative for the analysis of fluoride in air and plant samples
(Jacobson et al., 1966a). The procedure involves microdistillation of
fluoride (following ashing and alkali fusion of the sample), automated
mixing of the distillate with alizarin complexan reagent and measurement
of the absorbance of the fluorochelate with the aid of a tubular flow
cell and chart recorder. Although this method permits the analysis of
twelve to twenty samples per hour, the equipment requires high capital
expenditure and a highly skilled operator in attendance and is therefore
often unsuitable for routine laboratory analysis except where there is




In another technique which has been proposed for the micro-
determination of fluoride in vegetation, the sample is burnt in oxygen
and the gaseous products of combustion are absorbed in O.1N sodium
hydroxide (Thomas & Amtower, 1969). Fluoride is then diffused by
adding 70% perchloric acid and determined colorimetrically using the
SPADNS colour reaction. Analyses by this technique were shown to
correlate with values obtained by the Willard/Winter method, the overall
average of one hundred and ten analyses by the two methods agreeing
within thre per cent.
Many of the outlined procedures are currently applied to the
analysis of fluoride in biological material, despite their complexity.
The introduction of the fluoride ion specific electrode however (Frant
& Ross, 1966),has obviated many of the inherent disadvantages associated
with these techniques. Applications of the electrode to the analysis
of biological materials are widespread but its use in vegetation
analysis would be assisted by more rapid methods for sample preparation.
Alternative procedures would ideally eliminate the ashing, fusion and
distillation or diffusion stages of conventional techniques whilst at
least retaining the accuracy and sensitivity of these methods.
Although simple inorganic fluorides are readily degraded by several
of the concentrated mineral acids, ashing and alkali fusion usually
form an integral part of sample preparation where fluoride is determined
colorimetrically (Hall, 1972; Jacobson & McCune, 1972) or potentiometrically
(Louw & Richards, 1972; Baker, 1972). The remarkable stability of the
C-F bond in organic fluorine compounds such as fluoroacetate and the
_W-fluorinated fatty acids has an important bearing on any procedure
which eliminates ashing and alkali fusion for the analysis of fluoride
in vegetation. These compounds are not degraded by hot, concentrated
mineral acids (Hall, 1972) and they have been identified in several
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tropical species (Marais, 1944; Peters et al., 1960; Ward et al., 1964).
Short chain fatty acids including fluoroacetate are alkali labile
(Peters et al., 1960), but the #-fluorinated carboxylic acids require
ashing prior to quantitative measurements by the microdiffusion/
colorimetric methods (Hall, 1968). Furthermore, high levels of silica
may interfere with the determination of fluoride (Peters & Shorthouse,
1967; Hall, 1968) so the release of fluoride from any non-acid labile
fluorosilicates is essential for accurate quantitative analysis. This
is accomplished by alkali fusion of the ashed sample with potassium or
sodium hydroxide (Oelschlager, 1968; Jacobson & McCune, 1972).
Despite the limitations imposed by non-acid labile organic and
inorganic fluorine compounds, several techniques which eliminate the
preparatory ashing and fusion stages have been proposed for the
determination of fluoride in vegetation. These include both the sulphuric
acid/sodium hydroxide and nitric acid/potassium hydroxide double
extraction procedures (Jacobson & Heller, 197la; AOAC, 1975), and
extraction with perchloric acid (Gyoerkoes et al., 1970). The precision
of the sulphuric acid/sodium hydroxide method compares with that obtained
’ by the Willard/Winter and semi-automated procedures and may even
represent an improvement over the latter techniques because of more
efficient hydrolysis of refractory fluorosilicates. Similar correlations
exist between the perchloric acid extraction method and semi-automated
analysis but the results obtained by acid extraction and conventional
analytical procedures do not always agree (Jacobson & Heller, 1971b).
Similarities between these techniques and the wet ashing procedures
for heavy metal analysis suggest that the lead, zinc and fluoride
contents of vegetation could be quantitatively determined in a single
extract or digest of the sample. Wet oxidation methods involving
digestion of plant material with nitric/perchloric (Little & Martin,
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1972), nitric/sulphuric/perchloric (Shimwell & Laurie, 1972) or nitric/
sulphuric (Gorsuch, 1970) acid mixtures are widely used for the
determination of heavy metals in vegetation. The extractions are
maintained at lower operating temperatures than alternative dry-ashing
techniques and metal losses by volatilisation (Hamilton et al., 1967)
are therefore minimised. Other potential sources of error associated
with dry ashing methods including adsorption on unburnt carbon (Smith
& Schrenk, 1972) and retention in the ashing vessel (Gorsuch, 1959)
are eliminated.
The determination of lead, zinc and fluoride in a single digest
of plant material was therefore investigated using a nitric/perchloric
acids wet oxidation procedure. Mineral acid mixtures which include
sulphuric acid were considered unsuitable because of possible co-
precipitation of lead sulphate with calcium sulphate resulting in
poor recoveries of the heavy metal. The extracts were analysed for
heavy metals by atomic absorption spectrophotometry, fluoride being
determined potentiometrically using a fluoride ion specific electrode,
4.3 The fluoride ion specific electrode
4.3.1 Construction and theory of operation
The Orion (94-09) fluoride electrode is of the solid state membrane
type consisting of a single crystal of lanthanum fluoride sealed into
the end of a rigid body of epoxy material, which ensures optimum chemical,
electrical, and mechanical insulating properties. The crystal, doped with
minute amounts of europium to enhance conductivity, is selectively
permeable to fluoride ions (Frant & Ross, 1966).
The electrode contains an internal filling solution of 0O.1M NaF
and 0.1M NaCl maintained at fixed ionic concentration. Any change in
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potential at the crystal membrane surface is due to variation in the .
fluoride ion activity, since the potentials developed between the
internal reference electrode (Ag-AgC1) and the filling solution and the
inside surface of the crystal and the filling solution remain constant.
The potential values developed across the fluoride electrode are
measured with an external reference electrode, which itself contains
an internal weterencs electrode (Ag/AgCl) in contact with the filling
solution. This, in turn, contacts the sample solution via the liquid
junction. The reference electrode filling solution (4M KCl) matches
the potential characteristics of a saturated potassium chloride calomel
electrode. The potential between the internal reference electrode and
the filling solution is constant because the components between them
are fixed. The potential between the filling and sample solutions is
again very small and is also considered constant, for it varies
insignificantly with the ionic activity of the sample solution. The
reference electrode potential is therefore considered constant and may
be compared with the potential generated by the fluoride electrode.
4,3.2 Response to fluoride
The relationship between fluoride ion activity and the measured
potential follows a Nernstian response over a wide range of activity
and is expressed by
E = Ea - S log Af
where
Af = fluoride ion activity,
E = the total measured potential of the system,
Ea = the portion of the measured potential due to
internal and external reference solutions,
and S = Nernstian factor, 2.3RT/F where R and F are constants
and T is the temperature (°K).
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At 25°C the total potential (E) changes by a theoretical value of
59.16 millivolts for every tenfold change in fluoride ion activity.
The electrode may be used down to concentrations of 0.02ug/ml although
the response is only Nernstian down to O.lug/ml. Below this level the
potential approaches a constant value because the greater proportion of
the fluoride ions in the sample solution are derived from the lanthanum
fluoride crystal itself rather than from the sample solution (Rechnitz,
1967).
The electrode responds to fluoride ion activity, whereas in the
analyses described subsequently it was fluoride concentration which was
of greater interest. Activity is related to concentration by the activity
coefficient (y) and is given by the equation
Atom y x Cf
where Af = fluoride ion activity,
y fluoride ion activity coefficient,
and Cf = fluoride ion concentration.
The differences between activity and concentration are due to two
factors. Firstly, activity refers only to free unbound fluoride whereas
some of the fluoride may be in an undissociated, complexed form.
Secondly, as the total ionic strength of the solution increases, the
ratio of ionic activity to concentration decreases, Although the activity
coefficient may be calculated when the composition and total ionic
strength are known, it was found more convenient with samples of variable
ionic strength to standardise both samples and standard solutions by
the addition of a high level of non-interfering electrolyte to obtain
a high but constant total ionic strength. This eliminates differences
in total ionic strength between samples and standards since the ionic
strength is almost entirely due to the electrolyte addition. The direct
determination of fluoride concentration in sample solutions is only valid
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when ionic strength variability has been corrected and decomplexing of
undissociated forms of fluoride is ensured.
4.3.3. Measurement of fluoride from calibration curves
The standard fluoride solutions required for the measurement of
fluoride ion activity or concentration were prepared by serial dilution
of either a 100ug/ml or 107M fluoride standard (0.221 and 4.199 gm
NaF/litre respectively). The dilutions were carried out using an ionic
strength adjusting solution. Where appropriate, equivalent quantities
of the chemicals used in the preparation of the sample solution were
added to the standards. Calibration curves required the preparation
of three or more standard solutions depending upon the range of
fluoride concentrations anticipated in the samples. The electrodes were
placed in the standard solutions, and the recorded potentials plotted
on the linear axis of semi-logarithmic graph paper against concentration
on the logarithmic axis (Figure 2A). In dilute fluoride solutions
several minutes were required to attain a stable potential reading,
even when a drop of silicone oil was applied to the base of the electrode
to decrease response time (Jacobson & Heller, 1971b). A stable reading
was considered to be the value below which the rate of change in
potential did not exceed 0.2mv/minute. Potentials were recorded in
solutions of increasing fluoride concentration, where possible, because
of the 'memory' effect of the electrode which delays the development
of a stable reading when working from concentrated to more dilute
solutions.
On several occasions fluoride concentrations were determined
directly using the logarithmic concentration scale of the pH meter
which eliminated the need for a calibration curve. The working range
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monitoring procedure as an alternative to calibration curve measurements
depended upon several factors which are outlined in Appendix A.
4.3.4 Factors affecting the determination of fluoride
4.3.4.1 Temperature
The electrode potential is subject to change with variation in
temperature. The use of magnetic stirring to decrease response time
can affect measurement of fluoride, particularly at low concentrations,
by inducing a temperature change (Jacobson & Heller, 1971la). In order
to ensure an approximately constant temperature of samples and standard
solutions, an isolating heat control plate was placed between the
polythene beaker containing the solution with the magnetic stirrer,
and the heat source.
4.3.4.2 pH
The relationship between free or active fluoride and total
fluoride is given by the equation
C, = C, + Cy
where C. = total fluoride,
C, = free fluoride,
and Cy = complexed fluoride.
In acid solutions hydrogen ions complex with fluoride to form
hydrofluoric acid (Andelman, 1968) and the ion HF (Srinivasan &
Rechnitz, 1968) neither of which is detected by the electrode. This
complexing may be avoided by buffering the pH so that the weak acid
is dissociated. The pH of the sample solution required to ensure that
the Cf ict ratio is unity varies. It has been suggested that a decrease
in activity occurs between pH 4 and 5 (Frant & Ross, 1966) and more
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recent publications have recommended various minimum pH values including
4.0 (Babcock & Johnson, 1968), 4.5 (Barnes & Runcie, 1968) and 5.0
(Harwood, 1969). In alkaline solutions (above pH 8) the similarity
in charge and ionic radius between the fluoride and hydroxyl ions
can result in a further significant interference (Frant & Ross, 1966).
When the hydroxyl ion concentration is greater than one tenth of the
fluoride ion Sineenteatand the electrode responds to both ions,
Adjustments of pH and ionic strength are frequently carried out
simultaneously by the addition of a total ionic strength adjustment
buffer to both samples and standards.
The control of pH is critical for the accurate determination of
fluoride in solution so the stability of the Cf/Ct ratio according to
pH was determined. A standard weight of ‘'Analar' sodium fluoride was
placed into a series of one litre volumetric flasks and dissolved in
deionised water. 500ml of 0.2M sodium chloride, a neutral electrolyte,
were added to each flask to adjust total ionic strength. The pH of
individual flasks was subsequently adjusted by adding hydrochloric acid
or sodium hydroxide (Singer et al., 1969) so that the series of flasks
covered a pH range from 0 to 7. The final concentration of fluoride
after making up tovolume was constant at lOug F/ml. The pH of the
individual flasks was recorded, and the free fluoride concentration
determined from a calibration curve of standard solutions prepared
in 0.2M sodium chloride.
The relationship between total and free fluoride according to
pH (Figure 2B) indicates that the Cf/Ct ratio tends towards unity with
increasing pH, and the free and total fluoride are equal above pH 5.
The stability of the ratio between pH 5 and 7 provides a broad working
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fluoride complexes and response to the hydroxyl ion, are negligible.
4.3.4.3 Polyvalent cations
Although anions such as chloride, phosphate, and sulphate do not
interfere with the determination of fluoride using the electrode
(Frant & Ross, 1966; Mesmer, 1968), certain polyvalent cations,
particularly aluminium and iron, can complex fluoride when the pH is
below 7 (Elfers & Decker, 1968). At pH values greater than 7 the metals
are preferentially complexed by hydroxyl ions. Adjustment of the pH
to eliminate fluoride-iron and fluoride-aluminium complexes may introduce
a further problem due to the response of the electrode to hydroxyl
ions at high pH.
Several decomplexing agents have been used to preferentially
complex aluminium and iron, thereby releasing any fluoride bound by
these cations, These include sodium citrate (Ingram, 1970; Edmond,
1969) , EDTA (Crosby et al., 1968), and CDTA (Levaggi et al., 1971).
Both EDTA and CDTA (1,2 cyclohexylene diaminetetra-acetic acid) are
decomplexing agents only, and they do not adjust total ionic strength.
They are therefore used in conjunction with a total ionic strength
adjuster such as sodium acetate. Sodium citrate, however, acts as
a decomplexing agent and a total ionic strength adjustment buffer.
The different decomplexing/ionic strength adjustment buffers were
compared for their ability to overcome interferences from aluminium and
iron in the determination of fluoride. A series of lug/ml standard
fluoride solutions was prepared from a 100ug F/ml stock solution. A
variable but known volume of aluminium or iron stock solution (prepared
as described in Appendix A) was added to the flasks, so that when made
to volume with total ionic strength adjustment buffer the final
concentration of aluminium or iron represented the range specified
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(Table 6A). Further series of standard solutions were prepared using
different total ionic strength adjustment buffers, and the pH of all
solutions was checked before determining fluoride concentration.
The meter was recalibrated before each series of measurements with
any one of the total ionic strength adjustment buffer solutions (TISAB),
using standards prepared in the relevant TISAB in the absence of aluminium
and iron. Recalibration eliminates any variability in total ionic
strength which might otherwise induce a displacement of the calibration
curve. Standards and samples for each series of measurements therefore
had the same high, but essentially constant, background ionic strength.
The absence of inherent fluoride complexing in any of the TISAB
solutions, where aluminium and iron were not present, was confirmed
by adding 99 ml of the TISAB solution to lml of a 100ugF/m1 standard
solution. The fluoride concentration was then determined by the known
addition method which permits measurement of fluoride concentration in
solutions of variable ionic strength. The theoretical and observed
fluoride concentratiors were found to be similar for all three TISAB
solutions.
The final concentrations of aluminium and iron in solution were
selected to cover the concentration range of these cations in the acid
digests of vegetation described subsequently. The results of fluoride
determinations in the presence and absence of aluminium and iron (Table 6A)
confirm that both of these metals form complexes with fluoride. The
interference effects of the former are more serious because aluminium-
fluoride poutine form at comparatively low concentrations of the metal.
The 1M sodium citrate and 2M sodium acetate buffer solutions
were unable to quantitatively release fluoride from diimtiesrranevae
complexes. The presence of CDTA in the Orion TISAB medium (at a
concentration of 4 g.p.1) did however quantitatively release fluoride
TABLE 6A
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*% All values represent the observed fluoride concentrations (in pg/ml) of a theoretical
1.0 po/ml standard solution.
@ Determined by the known addition method (Orion Instr. Man., 1973).
TABLE 6B




















Mean potential change per
tenfold change in fluoride
concentration
(0.1 = 1.0)
(1.0 - 10.0) aai6
(10.0 = 100.0) 59.3
59.4
(0.1 = 1.0) 58.6
(1.0 - 10.0) 63.8







(0.1 - 1.0) 57.3
1,0 - 10.0) 58.9
10.0 = 100.0) 57.1
@® Mean of 6 determinations (one on each of six consecutive days), 95%
confidence interval in parentheses.
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up to a concentration of 10ug/ml al***, The formation of iron-
fluoride complexes presented fewer problems for fluoride was quantitatively
recovered in the presence of 5ug/ml Fe'**, using 1M sodium citrate or
* using the2M sodium acetate, and in the presence of 25ug/ml Fe**
Orion TISAB/CDTA medium.
The addition of specified volumes of the aluminium and iron stock
solutions to acid extracts of plantmaterial buffered with Orion TISAB/
CDTA induced no detectable change in fluoride concentration. The
inherent concentrations of these cations were raised by 10-and 25ug/ml
respectively, suggesting that the results obtained from the synthetic
standard solutions would be equally applicable to plant digests.
Additional measurements in the presence of high levels of lead (50ug/ml
Pb'*), zine (5SOug/ml Zn**) and nitrate (500ug/m1 No,) indicated that
fluoride determination remained unaffected in the presence of these
ions, at the stated levels.
4.3.5 Response in different buffer solutions :
The decomplexing/TISAB media were also compared for their ability
to maintain a reproducible calibration curve with a high degree of
stability when analysed on several consecutive days. The results
indicate that the reproducibility of the calibration curve of standard
fluoride solutions in Orion TISAB/CDTA compares favourably with the
calibration curve of standards prepared in deionised water (Table 6B).
The relationship is linear over the concentration range of 0.1 - 100ug
F/ml with a slope of 59 millivolts per tenfold change in concentration
(at 25°C), which approximately corresponds to the theoretical value
from the Nernst equation. The parallel displacement of the calibration
curve in Orion TISAB/CDTA buffer compared with deionised water, can
be disregarded if samples and standard solutions are prepared in the
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ionic strength adjustment buffer.
When fluoride standards were prepared in 2M sodium acetate or
1M sodium citrate, the calibration curve proved to be less stable
over the six fepiabate determinations. The lack of reproducibility
is comparatively unimportant assuming regular recalibration but the
Orion TISAB/CDTA calibration curve only requires a daily check using
the 0.1 and Lids F/ml standards, and recalibration is necessary
only after intensive use of the equipment for several days. The ability
of the Orion TISAB/CDTA medium to preferentially complex aluminium
and iron and produce a stable, linear calibration curve resulted in the
use of this medium for all fluoride determinations described subsequently.
4,4 A rapid method for the determination of lead, zinc and
fluoride in vegetation
KAD Recovery of fluorine from sodium and calcium fluoride
standards
Before using the nitric/perchloric acid extraction method for the
analysis of fluoride in vegetation, the procedure was tested by
comparing theoretical and observed recoveries of fluorine from known
standards digested in the acid mixture. The digestions were carried out
over a temperature range of 20-140°C to investigate possible volatilisation
losses at high temperatures.
The digestions were carried out by accurately weighing specified
quantities of 'Analar' grade sodium or calcium fluoride into 75ml
'Tecator' digestion tubes fitted with multiple bulb 'Allihn'-type air
condensers (Figure 3). 5ml of a 4:1 v/v mixture of concentration
nitric/perchloric acids were added to the flasks which were heated




tube fitted with a multiple
bulb 'Allihn'-type air condenser,
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The procedure was repeated for further series of samples, the
temperature being adjusted accordingly. After one hour the extracts
were cooled, diluted with deionised water and made up to 25ml ina
volumetric flask. I1ml aliquots of the extracts were diluted with 19ml
of Orion TISAB/CDTA and the fluoride concentrations determined from
a calibration curve of standard solutions which were prepared in the
buffer medium aid contained an equivalent acid eaacautsetion to the
buffered sample solutions.
A comparison of the observed recoveries according to temperature
indicates a reduced recovery of fluorine from sodium fluoride at 140°
(Table 7). This loss of fluorine was probably due to distillation of
hydrofluoric acid, the temperature being comparable to that of the
Willard/Winter distillation procedure. The loss of fluorine also
occurred when standards were prepared with ealcium fluoride but in this
case the recovery of fluorine represented a significant improvement
compared with that obtained from sodium fluoride standards at this
temperature of 140°C. The reverse situation was evident at room
temperature probably due to the partial insolubility of calcium fluoride
at 20°C even in the concentrated acid mixture. At the intermediate
temperatures of 50° and 100°C the mean observed recoveries exceeded
99 and 99.5% of the theoretical, respectively; these recoveries were
observed for both the sodium and calcium standards.
An analysis of variance, in conjunction with Duncan's New Multiple
Range Test (Steel & Torrie, 1960), was used to test statistical
significance of the data. The results of the latter test are expressed
so that a single line joining any pair of mean values denotes no
significant difference between the values at the stated level of
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between the observed receeeries of fluorine from sodium fluoride
standards at temperatures up to 100°C (Appendix B). Similar results
were evident for the calcium fluoride standards except for the reduced
recovery at room temperature. A comparison of the two sets of
standards indicates that the recovery of fluorine was similar and
complete at temperatures of 50° and 100°C.
4.4.2 Collection and preparation of plant material for analysis
4.4.2.1 Collection of samples
The nitric/perchloric acids wet digestion method was applied to
vegetation samples collected from areas of fluorspar tailings which
were known to have a high fluoride content (6.3.2.2). The species
selected for analysis were identified as major components of the sward
at three sites. Sampling errors related to variability were reduced
by collecting the samples according to the locations of pairs of random
co-ordinates taken from a 20m x 20m grid positioned over the waste
deposit at each site. The vegetation was harvested close to the ground
and packed in a polythene bag. Root samples were similarly treated
after preliminary removal of most of the adhered particulate matter.
Individual samples of each species were combined to obtain a bulk
sample for the selected species at each site. Vegetation collected
from 1 & 2 tailings dam was taken from experimental field trials
established on the surface of the waste material.
4.4.2.2 Removal of surface adhered particulate matter
The removal of dust and other particulate matter adhered to
vegetation is important where a distinction is to be drawn between
fluoride that is within the tissue and that which is on the external
surfaces. This separation is less important when the dietary intake
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of the element by the grazing animal is being considered but is
essential for comparisons between analytical procedures. The problem
is particularly relevant where samples have been collected in the
field. Any proposed washing procedure must be capable of removing
surface-adhered particles without leaching internal fluoride.
Techniques involving dry brushing or wiping of the freshly
harvested vegetation with cotton pads were disregarded because
considerable surface contamination was evident, and it was considered
that abrasive cleaning procedures might damage the cuticle causing
leaching of internal fluoride. Several agitated washings in deionised
water partially removed the particulate matter and although this
procedure is potentially useful as it is unlikely to cause leaching
(Taylor, 1956), microscopic examination showed residual surface
contamination after three successive washings. Immersion of vegetation
in O.2M hydrochloric acid (Jacobson, 1945) successfully removed adhered
yarticles but repeated immersions of the same samples revealed
significant levels of fluoride in the washings, even after the removal
of surface particulate matter. This apparent leaching of internal
fluoride was not evident when the samples were immersed in 0.2% Teepol
detergent followed by successive washings with deionised water. This
cleaning procedure effectively removed external particulate matter,
and re-immersion of the same samples in 0.2% Teepol did not result
in detectable levels of fluoride in the washings. This washing
procedure was therefore used where surface contamination introduced
a potential source of error. The method was found to be suitable for
both shoots and roots although two or three successive treatments with
Teepol were necessary in the latter case.
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4.4.2.3 Grinding the sample
After washing, the samples were dried for 72 hours at 50° prior
to milling. It is important that the grinding of samples results in
a very fine product with a high degree of homogeneity (Oelschlager,
1968). This was achieved by erindienethe material in a micro-hammer
mill fitted with a 1mm (B.S 16-mesh) screen, The coarse product was
thoroughly mixed and a sub-sSample remilled to pass a 0.2mm screen
(B.S. 72-mesh). The finely ground vegetation was used for analysis.
4.4.3 Recovery of fluoride from vegetation using
nitric/perchloric acids
4.4.3.1 Introduction
The dried, milled vegetation samples were analysed for total
fluoride by an ashing/alkali fusion procedure and for acid-extractable
fluoride using the wet ashing nitric/perchloric acids method. Additional
extractions for the determination of organic, water soluble and
ionisable fluoride were carried out by the methods listed below. Each
‘analysis by any of the individual procedures was replicated six times.
4.4.3.2 Determination of total fluoride by ashing
and alkali fusion
The procedure used was that of Hall (1968) with the following
alterations:
(A) The techniques proposed for the preparation of
fluoride-free lithium hydroxide and magnesium succinate
(Hall, 1963) were not used because blank determinations
using analytical grade chemicals failed to detect any
fluoride in these reagents.





The direct determination of acid labile fluoride
originally involved preparation of the samples ina
0.1% agar suspension to improve replication and
eliminate dispersion problems encountered during
microdiffusion of fluoride. The latter problems did
not apply to the wet oxidation procedure and were
“not evident where samples had been ashed prior to
analysis. The dried, milled samples were therefore
weighed directly into the crucible.
The original sample weights of 20-100mg (Hall,
1972) were increased to 250mg with the intention
of improving replication, but weights of 100mg
were used occasionally. The volumes of magnesium
succinate and lithium hydroxide were adjusted to
2ml of O.5M magnesium succinate and 2ml of 1M
lithium hydroxide; the weight of solid potassium
hydroxide used for subsequent alkali fusion of the
ashed sample was increased to 1.5gm.
The microdiffusion procedure proposed by Hall
was not used. Instead, the ashed and alkali fused
samples were washed out of the platinum crucible
with two separate 0.5ml aliquots of 25% v/v
perchloric acid. The crucibles were then rewashed
with two separate 2ml aliquots of Orion TISAB/CDTA.
15ml of Orion TISAB/CDTA were added to each extract
and fluoride was determined froma calibration curve
using the electrode.
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4.4.3.3 Determination of total fluoride using
nitric/perchloric acids
Accurately weighed samples of approximately 250mg were placed
in modified digestion tubes (4.4.1) and 4ml of nitric acid added.
After 15 minutes preliminary digestion at room temperature, lml of
perchloric acid was added and the temperature raised to 100°C for one
hour. The extracts were cooled and following the addition of 5ml of
deionised water to each tube the contents were filtered into 25ml1
volumetric flasks through Whatman No. 42 papers. The tubes were made
to volume with deionised water. 1 ml aliquots of the filtered digests
were diluted with 19ml of Orion TISAB and the fluoride concentrations
determined from a suitable calibration curve, It has been suggested
that filtering is unnecessary for fluoride determinations (Jacobson
& Heller, 197la) but it is often essential if heavy metals are to be
determined by atomic absorption analysis of the same extract.
4.4.3.4 Determination of organic fluoride
An approximation of non-acid labile organic fluoride may be
obtained from the difference between the total fluoride observed.after
ashing and fusion and the acid degradable fluoride extracted by the wet
oxidation procedure. Any observed difference may however be misleading
in the presence of non-acid labile fluorominerals (Hall, 1972). In
order to distinguish between organic and inorganic fluorine compounds,
samples were extracted with alkaline propan-I-ol (Hall, 1968) in which
organic fluoride compounds are selectively soluble.
igm samples of the finely milled plant materials were extracted
overnight with 10ml of ammonium hydroxide in 9% v/v propan-I-ol.
After centrifuging, the supernatant liquid was decanted and the pellet
re-extracted with two further 5ml volumes of extractant. The combined
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supernatants were made up to 25ml with alkaline propan-l-ol.
(A) A 10ml aliquot of each extract was reduced to
approximately 5ml using compressed air, and total
fluoride was determined by the ashing fusion
procedure of Hall (1968) with the modifications
described previously (4.4.3.2).
(B) ‘A further 10ml aliquot was evaporated almost
to dryness with compressed air and 2ml of 10%
v/v perchloric acid were added to the residue.
After standing for 30 minutes, the extract was
diluted with 8ml of Orion TISAB/CDTA. Acid-labile
fluoride was tha measured from a calibration curve
using the fluoride electrode.
The separate analyses (A) and (B) distinguish between non-acid
labile organic fluorides, such as the fluorinated fatty acids and
w-fluorinated carboxylic acids, and acid degradable compounds which
may be residual inorganic fluorides or loosely bound organic fluorides.
4.4.3.5 Determination of water soluble fluoride
Further sub-samples of the plant materials were extracted with
deionised water to partition the soluble inorganic and organic
fluorine compounds, providing an indication of their chemical structure.
Samples of approximately 250mg were shaken for twelve hours with 20ml
of deionised water in a polythene beaker. The suspensions were
centrifuged and the supernatant liquid decanted and made up to 25ml
with deionised water. Extracts were analysed for total and acid labile
fluoride by the procedures outlined in the previous section.
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4.4.3.6 Determination of ionisable fluoride
The determination of readily ionisable fluorine compounds in
vegetation was carried out by extracting the samples with Orion TISAB
medium in the absence of the decomplexing agent CDTA. The procedure
was similar to that described previously (4.4.3.5) and sonteable
fluoride was determined directly in the centrifuged extract after
addition of 1ml of a 10% w/v solution of CDTA in O.1N sodium hydroxide.
The exclusion of the decomplexing agent from the extracting medium
eliminates any positive bias towards the actual extraction of ionisable
fluoride.
4.4.3.7 Results and discussion
It is clear that the wet oxidation and ashing/fusion procedures
extracted similar amounts of fluoride from the plant tissues (Table 8A).
Recorded values for the total fluoride content of the various vegetation
samples did not depend upon the extraction method employed, with one
exception. In this case the wet oxidation procedure consistently
extracted more fluoride than the ashing/fusion method, possibly due to
the formation of a highly volatile fluorine compound which was lost during
the ashing/fusion procedure because of the comparatively high temperatures
involved. The absence of significant differences between the two
procedures indicates that non-acid labile organic and inorganic fluorine
compounds were not present in the vegetation samples.
The results of the alkaline propanol extractions confirm the absence
of fluorinated fatty acids, W-fluorinated carboxylic acids and other
non-acid labile organic fluorine compounds, since close agreement is
evident between the fluoride determined in aliquots of the extracts
which were either ashed/fused or extracted with dilute perchloric acid.
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Site Tissue Oven-dried Propanol zi Water
Ionisable
er 7 a SES ’ opie poy : T soa TISABTotal Acid Total Ac ac ‘°
extractable extractable extractable) extractable extractable)
a a a
F. rubra Glebe seed 8375 8298 (NS) 27 23 4 (NS) 46 40 (NS) 55
F,rubra Glebe leaf 2267 2279 (NS) 2 2 <1 (NS) 38 43 (NS) 124
M.verna Glebe leaf 5455 5449 (NS) 9 6 3 (NS) 175 168 (NS) 257
F.rubra Head seed 6968 7174 (#) 14 13 1 (NS) 19 13 (NS) 46
Wrightson
F,rubra Head leaf 1757 1752 (NS) 4 7 - (NS) 44 37 (NS) 70
Wrightson
T. repens 1&2 leaf 4275 4308 (NS) 7 1 (NS) 92 85 (NS) 136
F.rubra 1&2 leaf 1145 1137 (NS) 2 7 1 (NS) 78 74 (NS) 127
L. perenne 1&2 leaf 1646 1671 (NS) 16 14 2 (NS) 29 24 (NS) 69
L. perenne 1&2 root 3338 3327 (NS) 10 9 1 (NS) 116 107 (NS) 145
T.repens 1&2 root 6473 6429 (NS) 5 5 <1 (NS) 154 140 (NS) 193
@All values are expressed in hg F/gm oven dried tissue, each representing the mean of six
replicate determinations.
At-test between each pair of mean values.
*p<0,05 ##p<0.01 ###p<0.001 NS = not significant
TABLE 8B
4
DISTRIBUTION AND FRACTIONATION OF FLUORINE IN SOME TROPICAL SPECIES (Hall 1972)
(1-2)Species Tissue Original tissue Propanol soluble Organic’ Water soluble
Stat Keid labile reset AcidTabild (not acid labile) ®rotalAcidlabile
Dichapetalum leaf 111 6 99 2 97 96 7
cymosum
Dichapetalum stem 341 23 242 2 240 300 23
cymosum
Dichapetalum stem 321 164 126 3 123 192 73
stuhlmannii
Dichapetalum seed 1980 192 1800 169 1631 325 152
toxicarium
Gastrolobium seed 1292 38 1230 42 1188 1200 20
bilobum
Oxylobium seed 1400 44 1090 3 1087 1275 38
parviflorum
Palicourea leaf 455 146 278 8 270 382 69
marcgravii
4 All values expressed in pg F/gm air-dried tissue.
@ Ashing/alkali fusion/microdiffusion and colorimetric analysis (Hall 1963,8)
4 Fluoride diffused in 48 hours by 35%w/w HC104 at 60°C.
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Fluoride was detected in the propanol extracts (Table 8A) but being
acid-labile this was probably residual inorganic fluoride or a loosely
bound, acid-labile organic compound, such as a fluorocarbohydrate om
fluorinated amino acid (Hall, 1968).
The fluoride concentration in aliquots of the deionised water
extracts which were ashed/fused or treated with perchloric acid was
also similar. This proyides further confirmation of the absence of
simple water-soluble organic fluorine compounds, such as fluoroacetate,
which are recovered after ashing/fusion but are not acid-labile.
The water soluble fluoride consists mainly of simple inorganic
compounds (Hall, 1972) which constitute a very small proportion of the
fluoride extracted by the concentrated nitric/perchloric acids procedure.
The modified Orion TISAB extractant failed to recover a significantly
greater proportion of the total fluoride in the vegetation than the
water extractions. Thus, having established the absence of organic
and non-acid labile inorganic fluorine compounds, most of the fluoride
was present as insoluble, inorganic, actdclabias compounds which do not
ionise readily.
These results contrast with the data obtained from similar analyses
applied to several tropical plant species in which organic fluorine
compounds have been identified (Marais, 1944; Ward et al., 1964). The
concentration of fluoride in tissues from these plants can only be
determined quantitatively after ashing and alkali fusion. Acid digestion
extracts only a proportion of the total fluoride present (Hall, 1972
- Table 8B). Furthermore, only a small fraction of the fluoride
recovered in alkaline propanol extracts of the vegetation is acid
labile. Together, these observations confirm the presence of non-acid
‘labile organic fluorine compounds, whether wW-fluorinated carboxylic
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a“
acids (e.g. W-fluoro-oleic and w-fluoro-palmitic acids), or short chain
fluorinated organic compounds (e.g. fluoroacetate or fluorocitrate).
The water soluble fluoride includes, in addition to inorganic fluorine
compounds, the short chain fatty acids which constitute a high
proportion of the total fluoride in seeds of Gastrolobium bilobum
and Oxylobium parviflorum. In the seed of Dichapetalum toxicarium Eng.
most of the fluorine compounds are long chain W-fluorinated fatty acids.
This is indicated by the considerable difference between the total
fluoride determined in the alkaline propanol extracts and the total
fluoride in the water extracts.
4.4.4 Effect of temperature on the recovery of fluoride
from vegetation
The vegetation analyses described previously indicate that both
the wet oxidation and ashing/fusion procedures extracted similar
amounts of fluoride from the plant material. The suitability of the
wet oxidation procedure as an alternative to the latter method could
not be assumed based upon these results alone because microdiffusion
and colorimetric analysis, normally included in the ashing/fusion
method, were excluded in favour of potentiometric determination.
Several samples were therefore re-analysed for total fluoride
using microdiffusion/colorimetric analysis (Hall, 1968) whilst
retaining the alterations to sample weight and reagent preparation
described earlier (4.4.3.2). Where appropriate, the volume of
lanthanum-alizarin complexan reagent used to extract the fluoride
from the absorbing papers was also adjusted. Analyses of further
sub-samples were carried out simultaneously by the wet oxidation
procedure at selected temperatures within the range 20°-140°C.
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The results (Table 9A) indicate a similar pattern to that described
previously for the recovery of fluorine from sodium and calcium fluoride
standards. At temperatures not exceeding 100°C the total fluoride
extracted was independent of temperature. This observation applied
to the Festuca rubra and Lolium perenne samples both of which showed
losses of fluoride by volatilisation at 140°C. No significant differences
were evident Eetweemens acid digestion procedure (performed at
temperatures not exceeding 100°C) and the ashing/microdiffusion method
(p>0.05). When the temperature of the acid extraction was maintained
at 100°C, extractable fluoride in Trifolium repens was similar to that
recorded by the ashing/fusion procedure, but it was noticed that the
recovery of fluoride from certain species was reduced at temperatures
below 100°C in addition to the anticipated decrease at 140°C.
Acid digestion at 100°C and ashing/fusion were apparently
interchangeable for the analysis of fluoride in most of the samples,
but it was considered that a change in the sample weight:extractant
volume ratio or the analysis of a sample containing very high levels
of fluoride could result in incomplete recovery, even at 100°C.
4.4.5 Effect of the sample weight:extractant volume ratio
on the recovery of fluoride
The relationship between sample weight and total fluoride
extracted was investigated for a single species (Festuca rubra) using
samples containing variable but high levels of fluoride. The volume
of extractant was standardised (4ml conc. HNO,/1m1 conc. HC10,,) and
the relationship was investigated over a specified range of sample
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”
In the analysis of pebatabion containing high levels of fluoride
it was anticipated that above a certain sample weight the efficiency
of fluoride extraction could be reduced, and in order to maintain
maximum extraction it would be necessary to work in the linear portion
of the curve. The range of sample weights within which the proportional
recovery of fluoride remained constant was determined by applying a
series of regression analyses to the data presented in Figures 4A and
4B. Any observed departures from linearity are likely to be explained
by a quadratic term; in each analysis therefore, linear and quadratic
models were fitted to the data by means of orthogonal polynomials
(Draper & Smith, 1966). Where the quadratic regression gave a
significantly better fit than the linear regression (at the 5% level),
the hypothesis of linearity was rejected. The presence of curvature
is related to the range of sample weights so the highest values were
successively removed and the test for non-linearity repeated. The
above procedure is likely to be more sensitive to curvature than would
be expected from a five per cent significance test and will therefore
tend to give a conservative estimate of the maximum permissible sample
weight. |
Acid digestion of a sample previously analysed by the ashing/
fusion procedure and known to contain approximately 1000ugF/g, indicated
that quantitative recovery of fluoride could be maintained with
considerable flexibility in the sample weight: extractant volume ratio
(Figure 44). The relationship between total fluoride recovered and the
weight of sample proved to be linear over the complete range of sample
weights selected, with no deviation even at comparatively high sample
weight: extractant volume ratios. The value of the intercept obtained
from the regression line y = 1.0 + 1016x, and the results from the
analysis of the buffered concentrated acid mixture in the absence of
















































































































































































































       
       

























































































































































































































4.4 Determination of lead, zinc and fluoride 85
any sample material, atiere that no blank correction was necessary.
The relationship between total fluoride recovered and weight of
sample digested was not however linear for a sample known to contain
3600ng F/g (see Figure 4B). Although the sample weight range was
extended to a maximum value of 3.0gm it was evident that the observed
departures from linearity occurred below the 1.0gm maximum sample
weight used in the previous analysis. The high sample weight might
itself result in reduced recovery of fluoride due to incomplete
decomposition of the organic matter, but it is also apparent that the
fluoride content of the sample must be considered when selecting the
weight of sample for a given volume of extractant.
Statistical tests for non-linearity were applied to the data
following the successive elimination of the highest sample weights,
in order to determine the maximum permissible sample weight: extractant
value ratio for complete extraction. The results (Figure 4B) indicate
that deviation from a linear relationship occurred where the weight of
sample exceeded 500mg in 5.Oml of the concentrated acid mixture
(equivalent to a final concentration of 360ng F/ml extract). This
observation is in agreement with the results for the 1o00pug F/g sample
where the linear relationship was maintained up to the maximum sample
weight of 1.0gm (equivalent to 205pg F/ml extract). Where analysis
indicated fluoride levels approaching 00pg F/g dry weight, the
extractions were repeated using a sample weight of 100 - 250mg, but
fluoride concentrations of this magnitude were found infrequently.
44.6 Comparison of analytical methods for the determination
of fluoride in vegetation
44.661 -Introduction
Several non-fusion analytical procedures have been developed for
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the determination of fluebide in vegetation (Jacobson & Heller, 1971a;
AOAC, 1975). These methods invariably involve acid extraction,
buffering and potentiometric determination using the electrode but
the recommended operating conditions vary considerably, particularly
in respect of the nature and optimum concentration of the extractants).
Amongst the procedures most widely used for routine laboratory work
are those involving extraction with 0.1M perchloric acid (Bishop,
1975; pers. comm.) or 1.0M perchloric acid (Ogleby, 1975; pers. comm.).
The question is whether in addition to the established importance of
sample weight, fluoride content and temperature, acid-type and
concentration affect the efficiency of the analysis.
In order to establish the importance of these factors, field-
collected vegetation samples were washed, ground and analysed for total
fluoride by the procedures listed below. Statistical evaluation of
the results involved calculation of the coefficient of variation and
standard error of the mean for comparison of the acid extraction
procedures with the standard Willard/Winter and ashing/fusion methods
of analysis. The comparison of these values for each analytical method,
combined with an analysis of variance, indicates the suitability of Bie
Various techniques according to the fluoride content of the sample.
4.4.6.2 Summary of analytical methods
Ashing/fusion/potentiometric analysis
This procedure involved the ashing/fusion method of Hall (1968)
with the modifications described previously (4.4.3.2).
Willard/Winter distillation procedure
The AOAC official final action method for fluorine was used
(AOAC, 1970), incorporating modifications for vegetation analysis
(Jacobson & McCune, 1972).
4,4 Determination of lead, zinc and fluoride
8?
O.1M Perchloric acid
250mg samples of finely ground vegetation (<0O.2mm) were
extracted for one hour at 100°C with 25ml of 0.1M perchloric acid.
The extracts were filtered and 10ml aliquots of the filtrates were
diluted with equal volumes of Orion TISAB/CDTA. The fluoride concentrations
of the buffered extracts were determined using the electrode which was
calibrated in bechaards prepared with the extracting medium and Orion
TISAB/CDTA.
1.0M Perchloric acid
250mg samples of finely ground vegetation (<0.2mm) were
extracted for thirty minutes at 100°C with loml of 1.0M perchloric acid.
The extracts were filtered and 5ml aliquots were diluted with 20ml
of Orion TISAB/CDTA. The fluoride concentrations of the extracts wer
e
determined as described above.
Concentrated nitric rchloric acids (4:1 v/v)
The procedure used was similar to that described previously .
(4.4.3.3).
4.4.6.3 Results and discussion
The analytical procedures were applied to samples of widely
varying fluoride content including vegetation from a permanent
pasture adjacent to the principal deposit of fluorspar tailin
gs (1&2
dam). The level of recovery varied according to the fluoride
content
of the vegetation and the extraction technique employed (Table 9B).
No
significant differences were evident between the Willard/
Winter, ashing/
fusion and the concentrated acid procedures (p>0.05), except
for the
sample of highest fluoride content where recoveries by ash
ing/fusion





































































































































































































































































































































































































































































































































































































































































4.4 Determination of lead, zine and fluoride 893
Willard/Winter method. The reduced recovery is unlikely to be due to
volatilisation of fluoride during the ashing or fusion stages of the
Willard/Winter technique, since similar losses would have been expected
from the ashing/fusion/potentiometric analyses. The error was a
consistent observation and may originate during the complex distillation
or colorimetric stages of the analysis (Jacobson & McCune, 1972).
Analysis of the sample of low fluoride content indicated that the
O.1M and 1.0M perchloric acid extractions recovered significantly
greater amounts of fluoride than the Willard/Winter procedure (p< 0.05);
but the values were not significantly different from those recorded by
the ashing/fusion and concentrated acid extraction procedures. The
lower values associated with the Willard/Winter determinations are not
easily interpreted for the observations were not consistent for all the
samples, and did not relate directly to the fluoride content of the
vegetation. It is possible that the reduced recoveries were caused by
“incomplete distillation of the fluorine or by an interference with the
final colorimetric determination in some cases.
When the various techniques were applied to samples containing
high levels of fluoride, the 0.1M and 1.0M perchloric acid procedures
generally extracted less fluoride than the Willard/Winter, ashing/fusion
and concentrated acid procedures. Continuation of the extraction for
longer than thirty minutes did not appear to influence the comparative
efficiency of these procedures. Although the results of analyses of
high fluoride samples by the O.1M or 1.0M perchloric acid methods were
often quantitatively inaccurate, replicate determinations usually
maintained a high degree of reproducibility indicating that the negative
errors were consistent observations. Consequently, it seems that
whilst they may be satisfactory for routine analysis in certain
circumstances, dilute acid extractions may be unsuitable when the fluoride
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content of a sample is very high. Conversely, the analyses established
that the accuracy and precision of the concentrated acid procedure
compare favourably with the Willard/Winter and ashing/fusion techniques.
4.4.7 Effect of temperature on the recovery of lead and zinc
from vegetation
Although the nitric/perchloric acids mixture was Bitens for
the determination of total fluoride in the analysed samples, the
temperature was lower than that normally employed when this mixture
is used for the determination of heavy metals in vegetation. Nitric
acid acts both as an acid and an oxidising agent, but low temperatures
are likely to restrict the oxidative potential of perchloric acid
which increase as the temperature rises to 203°C, the oiling point of
the acid-water azeotrope.
Many of the current procedures for the analysis of heavy metals
in vegetation involve preliminary digestion at room temperature
followed by a period of heating at 140°C. ‘These operating temperatures
having been. modified, several analyses were performed at both 100°C and
140°C on samples of the vegetation established on metalliferous
fluorspar tailings. - The digests were filtered (4.4.3.3) and analysed
for lead and zine by atomic absorption spectrophotometry.
The results for each element and each sample were examined separately
according to the temperature of the digestion (Table 10A). The
statistical procedure used for the individual t-tests depended upon the
equality of the two variances associated with each comparison (determined
by the variance ratio or F-test). Although the restricted number of
replicate determinations limits the conclusion which may be drawn from
the statistical analysis, the results suggest that the efficiency of




EFFECT OF TEMPERATURE ON THE RECOVERY OF LEAD AND ZINC FROM VEGETATION
 
ZINC” LEAD
w (s) tatest “on a) (B) t-test“ted
Sample 100°C 140°C =0.05 100% 140% =0.05
1 81 t2 7642 41.480 N.S. 132 £3 129 24 +0,446 N.S.
2 233 54 4229 44 «=0+0.372 N.S. 4is 24 413 13 +0.632 N.S.
3 568 *6 554 19) «6+0.842 N.S. 817 t10 833 46 «6-0. 923 N.S.
@ Mean = standard error (n=3)
4 All values expressed in po/gm of oven-dried tissue
NS = not significant (p>0.05)
TABLE 10B
A
COMPARISON OF ACID EXTRACTION PROCEDURES FOR THE DETERMINATION OF LEAD AND ZINC IN VEGETATION,
zinc® LEAD®
(a) (B) t-test ee (a) (B) t-test og}
Sample c.HNO,/HC10, 10% HC10, (p=0.05) C.HNO,/HC10, 10% HC1O, (p=0.05)
1 102 + 8 00 t 2 +1.050 N.S. 138 = 2 105 = 6 +5.369 #*
2 239 27 248 27 -0.099 N.S. 224 24 181 2 7 +5,184 ##
3 210 1 7 216 711 -0.446 N.S. 95 * 6 84 *10 +0.922 N.S.
4 657 411 648 * 3 +0.566 N.S. 423 1 6 381 2 9 +3.843 #
5 190 177 2 8 +0.438 N.S. 270 + 5 264 * 6 +0.854 N.S.
6 567 +30 544 t12 +0.713 N.S, 731 t29 632 t19 +2.923 #
4 All values expressed in pg/gm of oven-dried tissue




NS = not significant
4.4 Determination of lead, zinc and fluoride 92
=
reducing the temperature from 140°C to 100°C. The close agreement
between replicate determinations also suggests that many of the
potential errors inherent in grinding the sample (Oelschlager, 1968)
were minimised by using the double milling procedure (4.4.2.3).
4.4.8 Comparison of 1.0M perchloric acid with concentrated
nitric/perchloric acids for the determination of
lead and zinc
The inclusion of concentrated perchloric acid in wet oxidation
mixtures is often avoided because of the explosion hazard associated
with certain samples. A less hazardous extraction using a dilute
mineral acid may quantitatively extract fluoride in some circumstances
(4.4.7), but analysis of dilute, 1.0M perchloric acid extracts of
vegetation by atomic absorption spectrophotometry showed that recovery
of lead was considerably reduced when compared with the concentrated
nitric/perchloric acids technique (Table 10B). However, zinc did not
conform to this pattern. Because of the limited replication, the
statistical comparisons must be interpreted with caution ‘but they
suggest that dilute perchloric acid extracts are not suitable for
routine determinations of lead, zinc and fluoride in vegetation.
This may be a direct result of the reduction in acid concentration
which might be expected to influence the extraction of the comparatively
insoluble lead compounds, by determining the extent to which complete
destruction of organic matter is achieved. The decreased recovery
of lead by this method was not a consistent observation so other factors,
such as concentration and variation in the nature and solubility of




Determinations of fluoride in vegetation using the ion-specific
electrode, following wet oxidation of the samples with nitric and
perchloric acids, gave results which were similar to those obtained
using traditional analytical methods. When the range of species was
extended, prior to application of the concentrated acid procedure to
routine analysis, the precision and accuracy of the method still
compared favourably with standard technigued despite the widely
varying chemical composition of the samples analysed.
The principal factors likely to determine the comparative accuracy
of the concentrated acid extraction procedure, in the absence of non-
acid labile inorganic and organic fluorine compounds, include the
concentration of fluoride in the sample, the temperature of the
extraction and the ratio between the weight of sample and volume of
extractant.
The extractions were maintained at a lower operating temperature
than those normally employed for wet oxidation analysis of heavy
metals in plant material. The reduction in temperature from 140°C
to 100°C did not affect recovery of lead and zinc from the vegetation
and prevented loss of fluoride by volaédlication: The procedure was
therefore used routinely for the analysis of lead, zinc and fluoride
in plant material, but randomly selected samples were checked
occasionally using both the ashing/alkali fusion and wet oxidation
methods.
CHAPTER 5
PLANT GROWTH ON DIFFERENT FLUORSPAR TAILINGS
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CHAPTER 5 - PLANT: GROWTH ON DIFFERENT FLUORSPAR TAILINGS
5-1 Introduction
Comparisons between the three major fluorspar tailings deposits,
using the vegetation survey and chemical analysis of both the wastes
themselves and the plants naturally colonising the sites, suggested
that the limitations to plant growth varied between the sites and were
determined by several factors. The next step was to compare the
materials from these sites experimentally by means of a series of bioassay
experiments in which plants were grown on the tailings in pots ina
glasshouse or on small plots under field conditions,
The first experiment compared the growth of a range of species
on the various tailings with and without the addition of fertiliser.
The second experiment compared the growth of commercial and metal
(Pb/Zn) tolerant varieties of Festuca rubra to provide information about
the comparative phytotoxicity of the various tailings. In these two
experiments, doncenteations of lead, zinc and fluoride in the plants
were determined to provide further comparisons between the various
sites. The third experiment was a small field trial on 1 & 2 dam in
which the performance of commercial and metal tolerant populations of
Agrostis tenuis and Agrostis stolonifera was compared. In the fourth
experiment the toxicity of the different tailings was investigated
by examining the metal tolerance of the indigenous populations of
Festuca rubra.
5.2 Comparative toxicity of different fluorspar tailings
52.1 Experimental design
Bulk samples of tailings were obtained from each of the three
dams by randomly sampling each deposit and thoroughly homogenising the
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collected material. A calcareous loam, collected from permanent
pasture remote (SH 815825) from deposits of fluorspar, lead and zinc,
was used as a control.
The experiment was set up in a heated glasshouse using free-draining
plastic plant pots (11.5cm i.d.). Selected commercial varieties of a
range of species were used for the bioassay. The species, varieties
and seeding rates were: Phleum pratense L. var. S.51 (30kg/ha),
Dactylis glomerata L. var. S.143 (80kg/ha), Agrostis stolonifera var.
'Smaragd' (5kg/ha), Lolium perenne var. S.23 (80kg/ha) and Trifolium
repens var. 'Kent' (20kg/ha). Clover seed was inoculated with the
appropriate bacteria from the genus Rhizobium using a pelleting
technique (7.6.2).
Seeds were covered with sieved tailings (1mm) from the relevant
site and carefully watered for five days. After germination, two
fertiliser treatments were given: a) nil b) inorganic NPK fertiliser
(1.C.I. No.5, 17:17:17) at a rate corresponding to 50kg/ha N, P20, and
K0- The experiment was arranged in a randomised block design, each
treatment being replicated three times.
Watering was carefully controlled so as to eliminate, as far
as possible, physical transference of tailings or soil on to the surface
of the vegetation. The plants were harvested close to the tailings
surface after eleven weeks growth and the dry-weights recorded after
oven-drying for 72 hours at 50°C. Root systems were removed from the
pots and after thorough washing they were also dried. Sub-samples of
the roots and shoots from each treatment were analysed for lead, zinc
and fluoride.
5.2.2 Results and discussion
Differences in growth on the various tailings compared with the
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control were very clear (Figures 5A and 5B). Growth on Glebe tailings
was very poor, and on tailings from 1 & 2 and Head Wrightson intermediate
to the control. The addition of fertiliser to the tailings generally
improved plant growth although the effects varied according to the
species and tailings concerned.
Yields of Trifolium repens and Phleum pratense were not affected
by the fertiliser treatment on any of the three tailings, whereas the
most significant improvement was observed for Lolium perenne and
Dactylis glomerata grown on the 1 & 2 dam material. On the control
soil all species showed considerable response to fertiliser. In complete
contrast, yields of all species remained unaffected by the addition of
nutrients to Glebe tailings. This general pattern of growth and
consistent lack of response to fertilisers applied to the Glebe material
indicated that in addition to macronutrient deficiencies there were
other limitations to growth specific to the Glebe site.
Severe chlorosis, which was mainly inter-veinal, was apparent on
all plants grown on Glebe tailings irrespective of the treatment. On
the other materials symptoms of nutrient deficiency and metal toxicity
were generally absent where fertiliser was added, although a marked
yellowing of the leaves of Dactylis glomerata and Phleum pratense
grown on 1 & 2 tailings was noticed during the latter stages of the
experiment in both fertilised and untreated pots, This chlorosis was
inconsistent for it was often apparent only on one of the three replicates
of a particular treatment. Subsequent analysis of the chlorotic plants
for lead, zinc and fluoride did not differentiate them from normal,
healthy plants so the chlorosis may be attributable to nutrient
deficiencies caused by excessive leaching of the applied fertiliser.
Identification of the particular nutrient(s) limiting growth
was not possible from the results of this experiment for the added
9°
FIGURE 5A
PLANT GROWTH ON A SERIES OF FLUORSPAR TAILINGS WASTES
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FIGURE 5B
PLANT GROWTH ON A SERIBS OF FLUORSPAR TAILINGS WASTES
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-
fertiliser contained Sickel phosphorus and potassium. This
limitation was therefore examined at a later stage by chemical analysis
(6.3) and factorial bioassay experiments('73), At the same time, the
short duration of the experiment and the artificial environment in
which it was carried out could be expected to modify Plant response
to the addition of nutrients under field conditions, The differentiation
between fertilised and untreated tailings might have been more clearly
defined if the experiment had been continued for a longer period.
The oven-dried vegetation was analysed for lead, zinc and fluoride
(Figures 5A & 5B) and an analysis of variance carried out on the
results for each species to determine the effects of fertiliser
treatment and tailings substrate upon these values (Appendix B).
Values for the control treatment were excluded from statistical analysis,
and in most cases from the tabulated results, because of the extremely
low levels involved and because the comparisons of interest were
between the various tailings.
Concentrations of lead and zinc in the roots generally exceeded
the values recorded in the shoots. Although the root samples were
severely contaminated with adhered tailings, the washing procedure
(4.4.2.2) successfully removed this contamination. The concentrations
of zinc, and in most cases lead, in plants grown on Glebe tailings
were higher than the values recorded for plants established on 1& 2
and Head Wrightson tailings. These trends are most apparent in the
shoots where the zinc concentrations in particular are inversely
related to the yields of the various species grown on the different
wastes. The lead concentrations in the — of plants established
on Glebe and Head Wrightson tailings were consistently higher than
the values recorded for 1 & 2 tailings.
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The concentrations of both metals in the analysed plant material
(particularly the roots) reflect the differences in heavy metal content
of the tailings materials. The levels do not however reflect, in
absolute terms, the relative proportions of the metals present in the
individual tailings. This confirms that their availability to plants
is determined by several factors (3.2.3).
As with zinc and ead, concentrations of fluoride in the roots
of plants grown on the various tailings were higher than the levels
in the shoots. The fluoride contents of plants established on 1 & 2
and Head Wrightson tailings were similar, and although significantly
higher levels were recorded in the roots of plants grown on Glebe
tailings, these observations were not consistent for all the species
used in the bioassay.
The effects of fertiliser upon the heavy metal and fluoride
content of the vegetation were very variable. Concentrations of lead
and zinc in the shoots of plants which had been fertilised were
generally lower than in the untreated material and sometimes markedly
so; but in the roots no such clear distinction was evident. The fluoride
content of the vegetation remained unaffected by the addition of
fertiliser.
The total lead contents of Glebe and Head Wrightson tailings
wastes are similar but metal uptake from these materials is different.
Complexing of heavy metals by phosphorus, which reduces their
availability to plants, has been reported (Ganiron et al., 1969),
and could explain the comparatively low concentrations of lead
recorded in the shoots of plants grown on Head Wrightson tailings.
Concentrations of the metal in roots of plants grown on both wastes
were similar however, indicating that the availability of lead to
plants grown on the Head Wrightson tailings is not affected directly
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by the high phosphorus content of the material, and that complexing
and immobilisation of the metal actually occurs within the roots.
Microscopic examination indicated that these unexpected observations
were not attributable to particulate contamination of the roots.
The similar zinc content of Head Wrightson and 1 & 2 tailings
is reflected in the concentrations of the metal recorded in the
roots and shoots of plants grown on the wastes. However, immobilisation
of zinc in the roots of plants grown on Head Wrightson tailings was not
apparent. The consistently high levels of zinc recorded in the roots
and shoots of plants grown on Glebe tailings, and the correspondingly
low yields, suggest that zinc is one of the principal factors
influencing plant growth on these tailings.
The low concentrations of lead and zinc in tailings from 1 & 2
dam, compared with Head Wrightson tailings which naturally support
a wide range of species (Table 5), suggested that the metal content
of tailings from 1 & 2 dam would be a relatively unimportant limitation
to plant growth. This implied that the rapid establishment of cover
vegetation on these tailings would depend primarily upon amelioration
of their low nutrient status rather than alleviation of any |
phytotoxicity.
5.3 Growth of commercial and lead/zinc tolerant ulations of
Festuca rubra
5edel Objectives
It was apparent from the previous experiment that growth of
several of the species examined was markedly reduced on Glebe tailings
compared with Head Wrightson and 1 & 2 dam materials. It also
appeared that if the period of growth prior to harvesting had been
extended the few chlorotic but surviving individuals would have died.
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These differences in productivity and survival appeared to ;
reflect the heavy metal content of tailings. Therefore, a bioassay
experiment was designed in which the growth of commercial and metal
tolerant (Pb/Zn) populations of Festuca rubra on the various fluorspar
tailings was compared. The duration of the experiment was extended
to overcome the potential problems which short-term investigations
may introduce where the ultimate aim is to develop techniques
suitable for the establishment of a permanent vegetation cover.
The tolerant population of Festuca rubra which was used originated
from Trelogan mine (Table 4) and is known to be tolerant of lead and
zine (Gregory & Bradshaw, 1965). The tolerant character was confirmed
by a preliminary experiment using the method of Jowett (1958, 1964) in
which the rooting of tillers is compared in solutions of the heavy
metals and calcium nitrate (5.5). For the bioassay it was necessary
to use seed material despite the probable inclusion of mid-tolerant
and non-tolerant individuals as a result of segregation and gene-flow
from populations on adjacent uncontaminated land.
5-3-2 Experimental design f
The experiment was established under field conditions at the
University Botanic Gardens using 0.8m tall, thick-walled, polyvinyl
chloride tubes (15cm i.d.) embedded into the soil to a depth of
0.3m. Each tube was filled to ground level with gravel (>0.5cm dia.)
to isolate the tailings from the comparatively fertile and uncontaminated
supporting soil. Following assessments of seed viability on moist
filter papers in petri dishes, the commercial (Festuca rubra var. $59)
and metal tolerant populations were sown (April 1973), at rates
corresponding to 85 kg/ha of viable seed, and covered with fine
tailings.










































































































































































































































































































































































5.3 Growth of commercial and lead/zinc tolerant Festuca rubra
layers of tailings in each tube at rates corresponding to the addition
of 50 kg/ha of phosphorus (applied as superphosphate, 18.5% Po05)s
10 kg/ha of potassium (as potassium sulphate, 50% K,0) and 25 kg/ha
of nitrogen (as sodium nitrate, 164 .N). The plants were cropped
four times each harvest being followed immediately by the additionof
a further 10 kg/ha of potassium and 25 kg/ha of nitrogen (Figure 6).
Each treatment wees replicated four times, the tubes being arranged
in a randomised block design.
Sub-samples of the harvested vegetation were analysed for lead,
zinc and fluoride following oven-drying at 50° for 72 hours. After
the final harvest, as much of the root system as possible was recovered
from each tube and treated similarly following the removal of adhered
particulate matter.
56505 Results and discussion
The performance of the metal tolerant and commercial populations
was compared for each site individually, and between sites, pane
upon the yield data for all four harvests.(Appendix B). On Glebe
tailings, the results (Figure 7) and the analysis of variance indicate
that the tolerant population grew significantly better than the
commercial population (p<0.001), but this differentiation became
apparent only after several months for the yields were not significantly
different at the first harvest (p>0.05). Further harvests (Sept 1973,
April 1974 and Sept 1974) indicated that re-growth of the commercial
population was negligible compared with the tolerant population; only
a few non-tolerant plants, all of them chlorotic, were surviving at
the final harvest.
The lack of differentiation between the two populations at the
first harvest may have been due to complexing of the heavy metals caused
FIGURE 7
GROWTH OF COMMERCIAL AND HEAVY METAL TOLERANT
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5.3 Growth of commercial and lead/zinc tolerant Festuca rubra 106
by the addition of fertiliser (particularly phosphorus), but this is
not indicated by the levels of lead and zinc in the vegetation. The
metal concentrations in the tolerant race were comparatively low but
the lead and zinc levels in the shoots of both populations did not
vary significantly between harvests. It is also possible that the
Similarity between the yields at the initial harvest, and the subsequent
differentiation, were functions of root growth and development.
Phosphorus, nitrogen and potassium fertilisers were added to the raw
tailings prior to seeding (March 1973), whereas following each harvest
only nitrogen and potassium were applied. The initial input of
phosphorus may have enhanced root growth temporarily, particularly in
the commercial population which is not adapted to metal wastes of low
nutrient status. The transient nature of the effect may be directly
attributable to subsequent leaching or complexing of the phosphorus
or alternatively to the progressive release of plant-available metals
from heavy metal-phosphate complexes.
On 1 & 2 and Head Wrightson tailings the metal tolerant population
was not superior to the commercial, and the commercial population
actually showed a significant overall superiority on Head Wrightson
tailings (p<0.05). The latter observation maybe correlated with the
high nutrient status of the untreated waste. On neither of these
tailings did the metal tolerant population convey any particular
advantage compared with the commercial variety, even at the end of the
experiment. As would be expected, the yields of both populations on
Head Wrightson and 1 & 2 tailings were significantly higher overall
compared with Glebe tailings (p<0.05), although this distinction was
more apparent in the later harvests.
10°”
5.3 Growth of commercial and lead/zinc tolerant Festuca rubra
The levels of lead in the shoots of metal tolerant plants were
almost invariably lower than in non-tolerant plants (Table 11), with
the exception of plants grown on Head Wrightson tailings where
concentrations of lead in the shoots of the two populations were
similar. The lead levels in tolerant plants grown on Glebe and Head
Wrightson tailings were also similar but values for the commercial
population pete the former material were comparatively high. These
observations imply a partial exclusion of the metal from the shoots of
the tolerant plants established on Glebe tailings although this
differentiation between populations was not evident for Head Wrightson
tailings.
The mechanisms of lead tolerance in plants are obscure (Antonovics
et al., 1971) but zinc tolerance in Agrostis tenuis and Agrostis
stolonifera has been studied extensively, (Turner & Gregory, 1967;
Turner, 1969; Peterson, 199), with the conclusion that tolerant plants
render the metal innocuous and immobile by binding it in the roots,
particularly within the Satake fraction of cell walls (Peterson, 1969).
Although the tolerance mechanisms for lead and zinc may be dissimilar
(3.3), immobilisation of lead in the roots of metal tolerant plants
evidently occurs, for concentrations of the metal in the roots were
similar to or higher than, the values for the commercial population,
despite the reversal of this order in the shoots (Table 11). The
samples, which had been washed thoroughly (4.4.2.2), were examined
microscopically to confirm that adhered particulate matter had been
removed. Although concentrations of lead in roots of tolerant and
non-tolerant plants established on 1 & 2 tailings were similar, the
lead level in the shoots of the tolerant race was significantly lower
than for the commercial population (p<0.05). The lead contents of
the shoots of non-tolerant plants on Head Wrightson tailings were low
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5-3 Growth of commercial and lead/zinc tolerant Festuca rubra 109
roots; these results theaefore vindicate previous observations (5.2.2).
Concentrations of lead in the roots were invariably higher than
in the shoots but it is apparent that even in non-tolerant plants
grown on Head Wrightson waste, the metal is partially excluded from
the shoots by a mechanism which does not occur on Glebe tailings.
This mechanism does not involve exclusion of lead from the roots and
is apparently connected with complexing and immobilisation of the
metal following uptake.
Concentrations of zinc recorded in the shoots of both populations
conflict with results of previous studies in which similar amounts of
the metal were found to enter the shoots of tolerant and non-tolerant
plants (Turner & Gregory, 1967). Although the levels in the roots
were similar in the present experiment, the shoots of the tolerant
plants contained significantly less zinc than their non-tolerant
counterparts, these observations applying to all three tailings deposits.
‘Despite the low concentrations of zinc in the tailings deposits
themselves, compared with the levels of lead, the shoots contained
Similar levels of both metals. This is probably a reflection of the
relative solubilities of the ceeeiee although the comparatively low
levels of zinc in the roots also suggest that it is less readily
complexed than lead, even in metal tolerant plants,
The levels offluoride in shoots of tolerant and non-tolerant plants
grown on the various tailings were similar and the values varied
insignificantly between harvests. The fluoride contents of the vegetation
are therefore unlikely to explain differences in the performance of
the metal tolerant and one populations. Fluoride concentrations
in the roots were consistently higher than values for the shoots.
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5.4 Growth of commercial and lead/zinc tolerant populations of
Agrostis tenuis and Agrostis stolonifera.
5e 41 Objectives
Previous investigations have associated metal tolerant populations
of Agrostis tenuis and Agrostis stolonifera with acidic and calcareous
metalliferous wastes respectively (Smith & Bradshaw, 1972). The
distribution of heavy metal tolerant vegetation in the Peak District
suggests that these associations are not clearly defined for mine
wastes of low pH are often characterised by the co-dominance of these
two species (Shimwell & Laurie, 1972). Furthermore, the flora of Glebe
and Head Wrightson tailings dams includes populations of Agrostis
tenuis whereas Agrostis stolonifera occurs only on 1 & 2 tailings dam
(Table 5) although the pH of the three sites is similar (7.0 - 7.8).
Agrostis stolonifera is particularly useful for the rapid and effective
stabilisation-.of metalliferous wastes because of the prolific vegetative
growth (via.stolons) of established plants under favourable conditions.
The growth of tolerant and commercial populations of both species
was therefore compared on fluorspar tailings. The small quantities of
tolerant seed available restricted the experiment to the uncolonised,
recently deposited tailings in 1 & 2 dam.
5.4.2 Experimental design
The experimental trial was carried out on the surface of 1& 2
tailings dam within an area prepared for a series of field-trials
described later (7.1 - 8.5). Commercial and metal tolerant populations
of each species were sown individually on to separate plots at rates
equivalent to 45 kg/ha of viable seed. The area of each trial plot was
0.25 (0.25m x 1.0m).
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Three fertiliser treatments were used. Prior to sowing, a
general fertiliser (I.C.I. No.5) was applied at rates corresponding
to the addition of 50 or 100 kg/ha of N, P20, and K,0- No fertiliser
was applied to the control plots. The fertiliser and seed were lightly
raked into the surface layers of tailings. Each population - fertiliser
treatment was replicated three times within a randomised block
experimental adenine
The plots were set out on 2/3/74 and harvested seven months later
(3/10/74) by clipping the vegetation close to the ground. The yields
were then oven-dried for two weeks at 50° C.
5.4.3 Results and discussion
The performance of the metal tolerant and commercial population
of both species (Figure 8) was similar to that found in previous
comparisons between tolerant and non-tolerant populations grown on
tailings material from 1 & 2 dam (Figure 7). No significant differences
(p>0.05) were evident between the yields of the two populations of
either species, at the same fertiliser level (Appendix B). Although
differences are not evident within either species, the growth of
Agrostis stolonifera was more vigorous than that of Agrostis tenuis.
The excellent ground cover and rapid vegetative spread of the former
was clearly evident, even within these small trial plots. The low
macronutrient status of the untreated tailings is again indicated by
the effects of fertiliser on the yields of the populationmof both
species. Overall productivity reflects the rate of fertiliser addition.
Although the duration of the experiment was limited, and regrowth
of the harvested plots was not monitored, the results indicate that the
























GROWTH OF COMMERCIAL AND HEAVY METAL TOLERANT (Pb/Zn)
POPULATIONS OF Agrostis tenuis AND Agrostis stolonifera
ON FLUORSPAR TAILINGS (1&2 DAM)
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the waste. Similar indications were obtained from other experiments
(5.2.2) and this conclusion was also drawn subsequently from
comparatively long-term experimental field trials in which the growth
of tolerant and commercial populations of Agrostis tenuis was compared
for a range of fertiliser treatments (7.4).
5-5 Metal tolerance of populations of Festuca rubra from different sites
5e5el Objectives
Populations colonising toxic metalliferous wastes are known to have
evolved tolerance of the high concentrations of heavy metals present
in the deposits. Such metal tolerance may be quantified by monitoring
the effects of the metals, in solution, upon the rooting of tillers
of plants collected from metal-contaminated sites (Jowett, 1964;
Gregory & Bradshaw, 1965).
Initial bioassay experiments (5.2 & 5.3) suggested that the
difference between Glebe and both Head Wrightson and 1& 2 dam fluorspar
tailings, in terms of plant growth, could be due to the high level of
zine associated with the Glebe material. The dominant species on Glebe
and Head Wrightson tailings and on most areas of calcareous
metalliferous spoil is Festuca rubra, and since a non-tolerant
population of this species failed to grow on Glebe tailings (Figure 7),
it was considered probable that the population naturally colonising
this waste was adapted to the adverse environment.
This suggested that there Could be a correlation between the
metal tolerance of populations of Festuca rubra colonising deposits
of fluorspar tailings and metalliferous mine waste, and the degree of
toxicity of the wastes themselves. Although a differentiation between
all three tailings deposits was intended originally, 1& 2 dam was
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excluded from the experiment. This was necessary because of the very
sparse natural vegetation cover on the dam, due to the comparatively
recent withdrawal of the area as an active disposal site.
5-522 Experimental design
Several adult plants of Festuca rubra were collected from the
sites listed in Table 12. Five individuals were taken since genotypic
variation precludes the use of single plants for the determination of
the tolerance of a population (Gregory & Bradshaw), 1965). All the
sites had previously formed part of the vegetation survey (Table 5),
except for the control site which was an ungrazed pasture in an area
not associated with surface mineral deposits or mine waste. The
collected plants were transplanted into John Innes compost for three
months prior to tolerance testing. |
Equal numbers of tillers from each individual were placed ina
solution of calcium nitrate (.5 grams per litre of deionised water) and
in a similar solution which also contained either l2ug/ml of lead
(.019 grams of Pb(NO per litre) or 7.5ug/ml of zinc (.033 grams ofD2
ZnSO),-7H,0 per litre). Thirty tillers from each plant were equally
divided between the treatments so that each genotype was represented
by ten tillers in each treatment. The tillers, located within a
supporting plate over a plastic beaker containing the solution, were
allowed to root for fourteen days, genotypes and populations being
arranged within a randomised block experimental design. The experiment
was carried out in a small growth room maintained at 23°C with a
constant 90% relative himidity. The experimental area was illuminated
at 90001x for the duration of the experiment and the solutions were
changed at forty-eight hourly intervals. After fourteen days, indices
of tolerances were calculated by measuring the length of the longest


































































































































































































































































































































































































































































































































































































































5.5 Metal tolerance in Festuca rubra
values as a percentage of the length of the longest root from tillers
of the same individual in the calcium nitrate solution.
5.5.5 Results and discussion
Marked differences were found in the metal tolerances of the
different populations although considerable variation was evident
between individuals in most of the populations examined (Table 12).
Insufficient populations were sampled for a critical investigation of the
relationship between indices of tolerance and metal levels in the wastes,
but the results suggest that the Trelogan and to a lesser extent Halkyn
mine wastes are potentially more toxic than the fluorspar tailings
deposits. Before comparisons between populations could be made, the
data were transformed logarithmically (log,) to eliminate heterogeneity
in the variances.
Indices of tolerance recorded for populations of Festuca rubra
established on Glebe and Head Wrightson tailings clearly differentiate
between the sites. Whilst the rooting of tillers from each population
was similar in the lead solution, both exhibiting a low degree of
tolerance, values recorded for root growth in the zinc solution were
significantly higher for the Glebe population (p<0.05). This observation,
combined with the results of previous experiments (5.2 & 5.3).;
confirms the high zinc content of Glebe tailings as one of the principal
factors distinguishing the waste from Head Wrightson and 1 & 2 tailings.
5.6 Conclusions
Comparisons between the three major deposits of fluorspar tailings
indicate that the waste from Glebe dam is the most phytotoxic. The
results of bioassay experiments comparing the growth of several species,
11”
5.6 Conclusions
including Trifolium repens, Dactylis glomerata, Phleum pratense and
Lolium perenne, on the various tailings, suggest that the high
concentration of zinc in Glebe dam is one of the primary factors
limiting plant growth. This is supported by the high index of
tolerance to zinc recorded for the population of Festuca rubra
naturally established on these tailings, and by the satisfactory
growth of the lead/zinc tolerant populations of Festuca rubra from
Trelogan mine on the waste.
Both metaltolerant and commercial populations of Festuca rubra
grew satisfactorily on tailings from Head Wrightson and 1 & 2 dams.
The growth of tolerant and commercial populations of Agrostis tenuis
and Agrostis stolonifera showed that the principal factor limiting
productivity was the low inherent fertility of the tailings.
Determinations of the heavy metal content of tolerant and non-
tolerant plants indicated significantly lower levels in the fotier but
consistently higher concentrations in the roots compared with the shoots.
This was particularly noticeable for zinc but also applied to lead
except for the plants which had been grown on Head Wrightson tailings.
Concentrations of lead and zinc in the vegetation differentiated clearly
between the various wastes but the fluoride levels in the herbage were
similar for both populations and were largely independent of the
tailings source.
CHAPTER 6
PLANT GROWTH ON MINE WASTE IN RELATION TO THE
CHEMICAL COMPOSITION OF THE SPOIL
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CHAPTER 6 - PLANT GROWTH ON MINE WASTE IN RELATION TO THE CHEMICAL
COMPOSITION OF THE SPOIL
6.1 Introduction
The productivity of soils is often evaluated by bioassay
experiments in which plant growth is monitored. Such experiments are
however, time-consuming, whereas alternative techniques for assessing
the ability of soils to support plant growth, including soil chemical
analysis, are more rapid and therefore potentially useful.
Soil analyses are widely used to predict profitable responses to
applications of nutrients and to identify specific soil conditions
which may restrict plant growth. Interpretation of the data does
however, depend upon the ability of the extractants to estimate the
availability of the chemical components of soils to growing plants,
Soil testing methods are generally well-established but their efficiency
varies according to the physical and chemical characteristics of
the substrates.
Bioassay experiments showed that nutrient status and metal levels
influence growth on fluorspar tailings (5.2-5.4). However, the
utilisation of soil chemical analysis for comparisons between metal-
contaminated wastes depends upon the extent to which variations in the
chemical composition of the wastes reflect differences in the productivity
of vegetation growing on them. Although chemical analyses are
potentially valuable as alternatives to the bioassay method of
determining the ability of mine waste to support plant growth, the
chemical composition of the wastes is unusual compared with normal
soils. This suggested that an examination of extractants potentially
suitable for determining the proportion of the total metal and nutrient
content of the wastes which participates in plant supply would be
6.1 Introduction 119
advantageous.
It was therefore decided to compare the analytical data obtained
with plant performance on the same materials. As well as providing a
method of assessing the analytical procedures, the bioassay enabled
comparisons to be drawn between the performance of metal tolerant
(Trelogan mine population) and non-tolerant populations of Festuca
rubra ona arashates of mine wastes than was investigated previously
(5.3). With the exception of Goginan, the wastes were selected to
give neutral or moderately alkaline reactions to allow comparisons
with the various fluorspar tailings, all of which contained large amounts
of free calcium carbonate. Because of the number of wastes investigated,
the experiment was restricted to a study in the glasshouse. The
influence of several environmental variables, notably climatic factors
and the volume relationships between the soil and plants as they occur
under field conditions, could not therefore be evaluated.
As a final analysis, the relative importance of the chemical
parameters influencing growth, and the performance of the various
extractants investigated, were assessed using multiple regression
analysis (6.4).
6.2 Bioassay of a range of metalliferous and fluorspar mine wastes
6.2.1 Description of sites
Outline details of the waste materials used in the bioassay are
listed in Table 4, All the sites with the exception of the raw ore,
which was obtained from the reserve stockpile of excavated material
from opencast and underground workings, were investigated during the
vegetation survey described previously (3.4).
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6.2.2 Experimental design
Several samples of each waste (approximately 50kg in total from
each site) were collected and thoroughly mixed to reduce the
heterogeneity of the material. Between ten and twenty-five sampling
locations were used depending upon the surface area of the waste
deposit. |
The materials were already very finely ground except for the raw
ore which was passed through a 2mm (B.S.8-mesh) sieve to remove large
pieces of fluorspar, limestone and barytes. Metal tolerant (from
Trelogan mine) and commercial (S.59) populations of Festuca rubra were
sown separately on to the nine metal-contaminated wastes and raw
fluorspar ore in free-draining plastic plant pots, at a rate equivalent
to 50kg/ha of viable seed. Two fertiliser treatments were used so
that comparisons could be made between the populations growing on
untreated waste and on waste where the inherent low fertility was
ameliorated by the addition of fertiliser. Each treatment combination
was replicated three times and the pots were arranged in a randomised
block experimental design.
Nutrients were added in the form of a slow-release inorganic
fertiliser (John Innes base) which was incorporated into the surface
of the wastes, prior to sowing, at a rate equivalent to 75kg/ha N,
105kg/ha PO, and 110kg/ha K.0 ( 1500kg/ha J.I. base (5:7:7.5) )«
a
No further additions of fertiliser were made during the course of
the experiment.
The experiment was harvested twice. The first harvest was
fourteen weeks after sowing and a second harvest (regrowth) was taken
after a further twelve weeks. In both cases the shoots were harvested
close to the surface of the waste material, washed to remove adhered
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particulate material and oven-dried at 50° for 72 hours. The lead
and zine contents of sub-samples of the vegetation were determined
where possible.
6.2.3 Results and discussion
Yields of the metal tolerant population were generally higher
than those of the commercial population, particularly on the most toxic
metalliferous mine wastes (Figures 9A & 9B). The superiority of the
tolerant population is more clearly shown by the results of the second
harvest (regrowth) rather than the first. A poor differentiation
between the same populations was also observed at the first harvest in
previous bioassay experiments on fluorspar tailings (5.3). The tolerant
population did however grow better than the commercial population on
some wastes, even by the first harvest, and the difference was most
apparent where fertiliser was added. No significant differences (p>0.05)
were recorded between the tolerant and non-tolerant populations for
the Head Wrightson and 1 & 2 dam fluorspar tailings, raw fluorspar ore
and Goginan mine waste, regardless of fertiliser treatment.
The results of an analysis of variance using the yield data
indicate that there was a significant overall enhancement of productivity
at the first harvest in the presence of fertiliser (appendix B) but
the effect was clearly not the same for all the mine wastes. The
tolerant population responded to the addition of fertiliser to Parc
and Halkyn minewastes and the yields of both populations were increased
by the addition of fertiliser to Head Wrightson tailings. The response
of both populations on the other waste deposits was not significant
(p>0.05), which was unexpected in view of previous observations
(502.2 & 5e503)0
The clear differentiation between the populations at the second








































































































































































































































































































































































































































































































































































































































































































































1246.2 Bioassay of a range of mine wastes
and vigorous regrowth of the tolerant plants. In the latter case the
yields generally exceeded values obtained from the first harvest for
both the fertilised and unfertilised pots. A noteable exception was
the acidic metalliferous waste from Goginan mine.
Yields from the second harvest show that the commercial population
consistently failed to respond to the addition of fertiliser suggesting
that other factors were limiting plant growth and development. The
response of the commercial population to the addition of fertiliser
just’ failed to achieve statistical significance (at the % level) on
tailings from 1& 2 dam. Head Wrightson and 1 & 2 dam tailings are
the only wastes which supported plant growth without any apparent
differentiation between the two populations at the same fertiliser
level. The comparatively vigorous growth of both populations on Head
Wrightson tailings reflects the unusually high fertility and innocuous
nature of the waste (5.2-5.5 & 6.3).
The tolerant population showed a very clear response to fertiliser
in the second harvest but the response was not consistent for all the
wastes. This may be due to the gradual leaching of the applied nutrients
from some of the wastes or to a depletion of the nutrient levels as a
result of the initial harvest. Alternatively, the inconsistent response
may reflect varying degrees of complexing of the applied macronutrients
by heavy metals, Leaching may also be an important factoy particularly
in the reduced regrowth of the tolerant population grown on the
relatively coarse metalliferous waste from Parc mine. However, the
mine wastes within each of the two groups (distinguished by their
response to fertiliser) are not linked by any chemical or physical
characteristics.
In this experiment the performance of only one metal tolerant
population was studied, but its versatility for the restoration of land
125
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containing markedly elevated levels of lead and zinc is shown by its
growth on various metalliferous wastes and fluorspar tailings of
widely differing chemical composition. Growth of the tolerant
population was frequently better on metalliferous wastes other than
that from its original habitat; but even the tolerant population
failed to grow on Goginan mine spoil which suggests that tolerant
populations of apecies from calcareous soils would be unsuitable for the
rehabilitation of acidic mine wastes.
Shoots were analysed for lead and zinc but root analyses were not
carried out. The washing procedure used to remove particulates from
the surface of roots (4.4.2.2) was ineffective for many of the
metalliferous wastes despite attempts to modify the technique. The
relatively successful decontamination of plant roots from fluorspar
tailings is surprising but it may be connected with the strong detergents
used during the flotation process for they are also. present in the
tailings effluent.
The results (Table 13) are incomplete, mainly because the poor
recovery following the initial harvest provided insufficient material
for analysis. Nevertheless, the data indicate an overall decrease in
the metal content of vegetation from the second harvest compared to
the first. This decrease is particularly clear for the tolerant plants
and probably reflects the vigorous regrowth of this population on most
of the mine wastes. The lead and zinc levels in shoots from the first
harvest are lower where fertiliser was incorporated into the waste,
but this differentiation is not apparent for the second harvest and
probably occurred due to partial complexing of the metals with the
applied nutrients, particularly phosphorus. Concentrations of lead
and zinc in the shoots of the tolerant population are consistently
























































































































































































































































































































































































































































































































































































































































































































































6.2 Bioassay of a range of mine wastes
high levels of zinc were recorded in some cases.
The relative concentrations of the two metals in the vegetation
are not proportional to their relative total levels in the various
wastes. This probably reflects the higher solubility and mobility
of zinc (Table 17) but it is also possible that lead is rendered
immobile in the roots to a greater extent than zinc. With the exception
of plants grown on Glebe tailings, levels of zinc and to a lesser
extent lead were lower for fluorspar tailings than for the metalliferous
wastes.
6.3 Chemical composition of metalliferous and fluorspar mine wastes.
6.3.1 Introduction
The value of soil chemical analysis is dependent upon the ability
of a reagent to quantitatively extract that portion of an element in
the soil which participates in supplying the growing plant. Analytical
methods which determine the total levels of elements in the soil may
therefore be of limited value for estimating nutrient availability,
because a variable but significant proportion of the total content is
usually inaccessible to plants (Viets, 1962).
Although the availability of nutrients is related to the amount
present in the solid phase, analytical procedures which determine the
water-soluble, exchangeable and adsorbed, chelated or complexed forms
of the nutrient are usually more appropriate for estimating the
availability of nutrients for plant growth. However, the selection
of appropriate extractants for laboratory investigations has often
proved a major obstacle because of the widely varying chemical and
physical properties of soils,
1286.3 Chemical composition of mine waste
In the present investigation several extraction procedures were
used to estimate the availability to plants of lead and zinc in the
metalliferous wastes and fluorspar tailings, but the procedures for
macronutrient availability were restricted to those recommended by
the Agricultural Development and Advisory Service (ADAS, 1973).
In view of the unusual chemical and physical properties of these
waste materials, compared with normal soils, estimates of the total
content were also made, despite the probability of extracting non-
exchangeable nutrients associated with primary and secondary clay
minerals and insoluble metal oxides and sulphides. Significant
correlations (p<0.05) have been reported by Gregory and Bradshaw (1965)
between tolerance indices of populations of Agrostis tenuis and the
amount of zinc in their native spoil which is extracted by hot, 25%
nitric acid. Since populations which have high indices of tolerance
to metals reflect the phytotoxicity of their native spoil, determinations
of the total metal contents of mine waste could provide an adequate
assessment of their phytotoxicity and correlate with plant growth and
development.
6.3.2 Total elemental analysis
6.3.2.1 Mass spectrographic analysis
The chemical composition of metalliferous mine waste not only
varies between sites but also within individual spoil heaps (3.1.5).
The heterogeneity is often marked, and the matrix very complex,
because the concentration and nature of various trace-elements and
gangue minerals associated with the dominant metals in the mineral ore
varies considerably.
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For instance, nickel and copper are often associated with lead/
zinc ores and the concentrations of these phytotoxic metals in the
spoil heaps are usually elevated compared with the levels in normal,
uncontaminated soils. Whilst lead and zinc are commonly associated
in mineral ores, tolerance of individual populations of Agrostis tenuis
to both lead and copper (Gregory & Bradshaw, 1965) suggests that complete
soil analysis for a wide range of elements could be of value in
identifying other potential limitations to plant growth.
Semi-quantitative mass spectrographic analysis of the materials was
therefore carried out by the Macauley Institute for Soil Research,
Aberdeen. The results of examining the wastes for abnormally high
levels of twenty-three selected elements are given in Table 14, These
show that lead and zinc are the only metals present at levels high
enough to adversely affect the growth of non-metal tolerant plants
on most of the wastes. In general, the recorded values for other
elements were similar to those expected in normal soils (Swaine, 1955;
Mitchell, 1948), but unusually high levels of cadmium, copper, nickel,
strontium, barium and antimony were detected in some cases. High
levels of strontium and barium were invariably associated with fluorspar
tailings but the concentrations did not correlate with plant performance
on these substrates. Concentrations of lead and zinc were consistently
high but the determinations were semi-quantitative and therefore of
limited value in direct comparisons between the wastes.
6.30202 Quantitative measurement of selected elements
Additional analyses were carried out for a more restricted range
of elements following the preliminary screening by spectrographic
methods. The methods used are described below together with any











































































































































































































































































































































































































































































































































































































































6.3 Chemical composition of mine waste 131
of several important plant nutrients in the wastes including magnesium,
nitrogen, calcium, phosphorus, iron and potassium were determined, in
most cases after oven-drying (5 days at 45°C) and grinding of the
samples. Quantitative measurements of the lead, zinc and fluoride
levels were also made. The results of all the analyses are listed in
Table 15.
1. Nedeoeen”
The total nitrogen content of the wastes was determined for
air-dried material (<0O.2mm) by a modified semi-micro Kjeldahl
technique (Appendix A). Preliminary treatment of the samples with
salicylic acid/sodium thiosulphate ensured that all organic and
inorganic forms of nitrogen were converted to Ponotiin during subsequent
digestion with sulphuric acid. Selenium and copper catalysts were used
to promote oxidation of any organic matter, the procedure used being
similar to that proposed by Bremner (1965a). The clarified digest was
neutralised by adding 10M sodium hydroxide, and ammonium was determined
directly by a colorimetric procedure using the Berthelot reaction
(Tetlow & Wilson, 1964). Thisinvolves the formation of a green
indophenol-type compound by the reaction of the ammonium salt with
sodium phenate and sodium hypochlorite. Sodium nitroprusside was
added to improve sensitivity. The Technicon Auto-Analyzer Mk II system,
which incorporates automated mixing of the neutralised digest with the
reagents using a tubular flow cell, was employed for the determinations
of nitrogen in the spoil digests.
2. Phosphorus
Analyses for phosphorus were carried out by the method proposed
by Sommers and Nelson (1972). This procedure, which involves digesting
finely-ground (< 200u) soil with 70% perchloric acid at 203°C (Appendix
A), gave recoveries which were, in some cases, 2-5% lower than values
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obtained using a conventional sodium carbonate fusion method. (Muir,
1952). However, it was considered that the former was more suitable
for rapid, routine analysis and the loss of accuracy was relatively
unimportant at the very low levels of phosphorus recorded in the mine
spoils. Recoveries from fluorspar tailings were similar to those
obtained by sodium carbonate fusion because the formation of hydrofluoric
acid by the Sasotion of boiling, perchloric acid with calcium fluoride
caused the destruction of silicates and their phosphatic mineral
inclusions,
Phosphate was determined spectrophotometrically in the acid digest
by measuring the concentration of the blue complex produced by the
ascorbic acid reduction of phosphomolybdate, which is formed by the
reaction of phosphate with acid ammonium molybdate. A modification of
the original procedure proposed by Murphy and Riley (1962) was used,
interference due to fluoride being overcome by adding boric acid to
the extract prior to colour development (John, 1970).
3. Magnesium, calcium, iron and potassium
Total values for all four elements were determined following
decomposition with hydrofluoric acid (Jackson, 1958). The procedure
was modified to include a preliminary digestion with concentrated nitric
acid, prior to addition of 60% perchloric acid and 48% hydrofluoric
acid. The hydrofluoric/perchloric acids treatment was repeated twice
for each sample because of the high percentage of coarse-grained,
aluminosilicate minerals in certain of the mine wastes. Extracts were
evaporated to dryness and following complete dissolution of the
residues in 6N hydrochloric acid, they were analysed by atomic
absorption (Mg, Ca, Fe) or emission (K) spectrophotometry (Appendix A).
4, Lead and Zinc
The procedure outlined previously (3.1.5) was used to estimate
1393
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total lead and zinc in the metalliferous wastes and fluorspar tailings.
Finely-ground samples (<0O.2mm) were digested in a 4:1 v/v mixture of
nitric and perchloric acids and the filtered extracts analysed by atomic
absorption spectrophotometry.
5. Fluorine
Analyses were carried out using the ashing/alkali fusion procedures
of Hall (1968, 1972). Alterations were made to the preparation of
reagents and samples (4.4.3.2) and additional modifications to sample
weight, fusion procedure and treatment of the sample following ashing
and fusion were as follows:
(A) The original sample weight of 20-100mg (Hall, 1972)
was increased to 500mg, the volumes of magnesium succinate
and lithium hydroxide being adjusted to 6ml and 2m1
respectively. The considerable increase in volume
required extra care during the initial stages of the
ashing procedure to avoid losses of material.
(B) The weight of potassium hydroxide used for alkali
fusion of the ashed sample was increased to 2.5gm.
(Cc) The ashed and alkali-fused samples were washed
out of the crucibles with four separate O.5ml aliquots
of 20% v/v perchloric acid followed by a single 3ml
aliquot of Orion TISAB/CDTA. 15ml of Orion TISAB/CDTA
were added to each extract and fluoride was determined
from a calibration curve using the specific ion electrode.
6.32.3 Results
Although the limitations mentioned previously (6.3.1) can
restrict the value of analyses which determine the total elemental
contents of soils, the very low levels of nitrogen and phosphorus in


























































































































































































































































































































































































































































































































































































































































































1356.3 Chemical composition of mine waste
tailings, indicate extreme deficiencies of these major plant nutrients.
Compared with the levels in normal mineral soils (N : 200-2000ug/g;
P : 200-5000ug/g), the nutrient content of the wastes is minimal with
respect to these elements.
Conversely, the total potassium levels are between 700 and 3000ug/g
compared with a range of 500-3500ug/g in normal soils. The iron
content of the waetee varies between 0.6 and 2.5% w/w, the highest
values occurring where quartz is the dominant gangue mineral. The
magnesium content is invariably less than 0.5% the lowest values being
associated with wastes of low calcium content. The fluoride levels in
fluorspar tailings are very high (11-17% w/w), as anticipated, and the
levels in the metalliferous soils are generally within the range expected
for normal soils. The high level of fluoride in spoil from Darley
mine is explained by the proximity of this site to the main areas of
fluorspar mining.
Within-site variation in the chemical composition of mine spoil
is shown by the lead and zinc contents of the-teelonan (1) and (2)
deposits. With the exception of Halkyn, the Derbyshire sites contain
the highest percentages of crystalline, calcium carbonate but the pH
of all the deposits, except Goginan, exceeds 6.5 (Table 4). The levels
of lead and zinc show very significant differences between sites. The
comparatively high concentrations of zinc reflect its associated
mineral status and the trend towards concentration of zinc-bearing
minerals in the wastes compared with the original crude ores.
6.3.3 Available nutrients
6.3.63-1 Introduction
Soil-testing to determine phosphorus and potassium fertiliser
requirements has been used for many years but the problems of
estimating available nutrients are indicated by the diversity in
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recommended analytical techniques. The procedures selected for
determination of available phosphorus, magnesium and potassium were
those used by the Agricultural Development and Advisory Service
(ADAS, 1973), the data being interpreted from nutrient-availability
indices (Table 16) upon which recommendations for rates of fertiliser
apnlication are normally based. Exchangeable sinisatane and nitrate -
nitrogen were er: in 2M potassium chloride extracts of the
spoils because the recommended procedures for establishing the nitrogen
index are based upon the cropping programme and history and are therefore
inappropriate for mine waste.
6.36302 Methods of extraction
1. Phosphorus
Many of the early methods for estimating available soil phosphorus
employed unbuffered acidic extractants which caused dissolution of
insoluble calcium phosphates when applied to calcareous soils.
Extractants such as 0.5-2% citric acid (Pauw, 1956) and 0.002N
sulphuric acid (Truog, 1930) therefore dissolve a greater proportion
of the phosphorus than that which participates in wiadbphberiett supply.
More widely used extractants include sodium acetate/acetic acid
buffered at pH 4.8 (Morgan, 1935;1941) and ammonium fadtataVacetia acid
(Semb & Uhlen, 1955), but the method of Olsen (1954) using 0.5M
sodium bicarbonate solution buffered at pH 8.5 is considered particularly
suitable for calcareous soils, calcium phosphate being relatively
insoluble at this high pH. This method was adopted because empirical
results from sodium bicarbonate extractions have been shown to
correlate with uptake of phosphorus by plants (Moser et al., 1959;
Sen Gupta & Cornfield, 1963) and because this extraction method
probably has a wider application to soils of variable pH than other
6.3 Chemical composition of mine waste 137
procedures. Following extraction of sieved (2mm), air-dried samples
of the wastes with sodium bicarbonate (Appendix A), phosphate was
determined spectrophotometrically as described previously (6.3.2.2).
2. Nitrogen
The value of chemical methods for measuring the fraction of
the total soil nitrogen which participates in supplying growing plants
is usually restricted by their inability to estimate the rate of .
mineralisation of organic nitrogen compounds into inorganic, plant-
available forms. Biological methods which involve incubation of soils
under conditions favourable to microbial activity, and subsequent
estimation of the mineral-nitrogen formed during the incubation period,
are often more suitable (Fried & Broeshart, 1967).
In mine waste however, which has a very low organic matter content,
a chemical method involving extraction with 2M potassium chloride was
considered a suitable alternative to the incubation technique (Appendix A).
This procedure affords the advantage that ammonium and nitrate can be
determined colorimetrically in a single extract (Bremner, 1965b).-
Sieved (2mm), freshly-collected samples were extracted using a
modification of the equilibrium method proposed by Bremner and Keeney
(1966), rather than by alternative leaching techniques, because of the
relatively small volume of extractant used. This facilitated analysis
of the extracts which contained very low concentrations of nitrate and
ammonium.
Following reduction of the nitrate ions to nitrite in a strongly
alkaline medium by means of hydrazine sulphate, using copper as a
catalyst, determinations of nitrite concentration were made
colorimetrically. The absorbance of the strongly coloured azo-compound
which is formed by the coupling of a diazonium compound (formed by
the reaction between nitrite ions and sulphanilamide) with N-(l-napthyl)
1386.3 Chemical composition of mine waste
ethylene-diamine-hydrochloride was monitored at 520nm (Golterman,1970).
Determinations of ammonium in the extracts were made using the method
-described previously (6.3.2.2). Analyses were performed using
industrial methods 18.72E and 16.72E (Technicon Inst. Corp. Tarrytown,
N.eYork) for the Technicon Auto-Analyzer II system.
3. Potassium
Although boiling, 1N nitric acid has been used to estimate the
rate of release of potassium from non-exchangeable forms in clay-
mineral lattices (Wood & De Turk, 1941), procedures which estimate the
readily exchangeable fraction of the total soil content are generally
used to assess the potassium status of soils and the need for fertiliser
applications. Consequently, sieved (2mm), air-dried samples were
extracted with 1M ammonium nitrate (Appendix A) and the determinations
of potassium in the filtered extracts were made by flame emission
sSpectrophotometry.
4, Magnesium
The value of determinations of available magnesium in calcareous
soils is restricted by the tendency to over-estimate the exchangeable
fraction due to partial dissolution of free magnesium carbonate during
the extraction. Attempts to correct for the amount of magnesium
carbonate present are usually unsatisfactory, as are extractants such
as alcoholic potassium chloride (Chapman, 1928) and sodium acetate
(Bower, 1955) which reduce the solubility of free carbonates. Estimates
of exchangeable magnesium were therefore made by extracting the wastes
with 1M ammonium nitrate, the filtered extracts being analysed by atomic
absorption spectrophotometry.
6.350303 Results
The results of these analyses (Table 16) show that an unusually
139
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high proportion of the total nitrogen content of the wastes was
extracted by 2M potassium chloride ( > 20% in some cases), whereas
readily exchangeable forms of nitrogen in soil usually comprise less
than 1% of the total nitrogen content, the greater proportion being
bound in soil organic matter. The nitrogen-supplying capacity of |
metalliferous mine waste and fluorspar tailings is therefore very low.
The amount. of phosphorus extracted by 0.5M sodium bicarbonate
was very low and except for Head Wrightson tailings the recorded
values correspond to the lowest availability-index of the nutrient
interpretation tables (Table 16). These levels of available phosphorus
reflect the very low values recorded for total phosphorus (Table 15)
and confirm a marked deficiency of this macronutrient in untreated
mine waste.
Although comparatively high levels of phosphorus occur in Head
Wrightson tailings, the bicarbonate-extractable fraction is lower
than anticipated. This may be caused by the reversion of phosphate
to relatively insoluble fluorapatite (CaF. .30a{P0,,)5) in the presence
of calcium fluoride, an observation which has been reported in aged
processed fertilisers, particularly in the presence of dolomite
(MacIntire et al., 1937). The significantly higher inherent fertility
of Head Wrightson tailings is nevertheless shown by the number of
species naturally colonising this material (Table 5) and by the
productivity of the vegetation. Extractable phosphorus in the raw
mineral ore is also higher than for the metalliferous wastes because
of variable but significant contamination of the samples with mineral
soil and organic debris. This originates mainly from overburden which
is stripped from above the mineral veins prior to opencast excavations.
Determinations of available potassium and magnesium did not
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Most of the chemical methods for estimating plant-available zinc
in soils have pean developed for non-calcareous soils and relatively
little information is available about their application to alkaline
substrates. Ammonium acetate-soluble and water-soluble zinc are often
regarded as readily available to plants but several other extractants
have been proposed for the estimation of available zinc, many of which
are of limited value where soils vary appreciably in pH, texture or
organic matter content.
Of the procedures which are widely used, 0.1N hydrochloric acid
(Wear & Sommer, 1948) and the aqueous ammonium acetate/dithizone in
carbon tetrachloride two-phase system (Shaw & Dean, 1952) have proved
most reliable. Nevertheless, there have been several reports that these
procedures do not provide a reliable estimate of plant-available zinc
in soils which differ markedly in texture and pH (Shaw & Dean, 1952;
Nelson ét al., 1959; Massey, 1957), unless correlations between
extractable zinc and plant-availability take account of these factors
and other soil properties influencing the relationship (Martens &
Chesters, 1967). This has stimulated widespread interest in analytical
methods for diagnosis of zinc deficiency in soils, with recent reports
that zinc extracted by 2N magnesium chloride (Stewart & Berger, 1965),
DIPA (diethylene triamine pentacetic acid - Brown et al., 1971) or
1N ammonium nitrate (Ravikovitch et al., 1968) is a more reliable
estimate of the zinc status of soils with widely differing chemical
and physical properties.
1426.3 Chemical composition of mine waste
Analytical methods for the determination of available zinc and
lead in metalliferous waste and smelter waste often employ acidic
extractants, usually 0.5N acetic acid (Goodman & Roberts, 1971;
Little & Martin, 1972), despite the possible release of occluded lead
and zinc from crystalline mineral matrices. Where soils contain an
abundance of acid-soluble carbonates, sulphides or oxides, strong
acid extractants may not provide an estimate of plant-available metals.
In some cases,levels of lead and zinc in mine spoil are exceedingly
high and estimates of metal-availability may be of little value; but
for a range of calcareous, metalliferous mine wastes and fluorspar
tailings containing very different total levels of lead and zinc |
(Table 15), it was considered that rapid chemical methods could be
valuable for predicting the potential toxicity of the spoils. Because
of the unusual chemical and physical properties of the wastes, a wide
range of extractants was used, including solutions of mineral acids,
neutral salts and chelating agents.
Sub-samples of the bulk units of waste collected from each site
were oven-dried for 5 days at 45°C, sieved (2mm) and analysed for lead
and zinc by the various methods. Concentrations of the metals in the
extracts were determined by atomic absorption spectrophotometry.
6.3.4.2 Methods of extraction
The extraction methods employed are indicated below, together
with any modifications made to the original procedure.
1. 1N ammonium nitrate (Ravikovitch et al., 1968).
The extractions were carried out by shaking 5gm samples of waste for
one hour with 25ml of the extractant. Separation of the lead
and zinc from other metals in the extract was considered unnecessary
for atomic absorption analysis so the filtered extracts were
analysed directly.
1436.3 Chemical composition of mine waste
”~
2. 1N ammonium carbonate/O.O1M EDTA (Trierweiler & Lindsay,1%9).
3. 2N magnesium chloride (Stewart & Berger, 1965).
10gm samples of mine waste were extracted with 50ml of the
extractant for forty-five minutes on a reciprocating shaker
and lead and zinc were determined directly in the filtered
extracts. The 1N ammonium acetate/0.01% dithizone separation
procedure for isolation of zinc was again omitted.
4, ©.005M DIPA (Lindsay & Norvell, 199).
5. 0.O5M EDTA (Ure & Berrow, 1970).
6. O.5M acetic acid (Shimwell & Laurie, 1972).
5gem samples were shaken with 50ml of extractant for one
hour and concentrations of lead and zinc inthe filtrates were
determined directly. Samples were not ignited prior to analysis.
7 O.1N hydrochloric acid (Martens, 1968).
6,364.3 Results
Extractable lead and zinc in mine waste varies considerably (Table 17),
according to the reagent used. The greater solvent action of the acidic
extractants compared with neutral salts is readily apparent, dilute
acid-soluble metals being more closely related to the total levels
listed in Table 15.
However, the 0.1N hydrochloric acid extraction method removed a
lower proportion of the total zinc than several other less powerful
solvents. This may be attributable to the calcium carbonate content
of the wastes being sufficient to neutralise the hydrochloric acid in
the extracting solution. The amount of zinc extracted is related to
the effective hydrogen-ion concentration and would therefore be subject
to the buffering capacity and free-carbonate content of the wastes.
’ The dissolution of free calcium carbonate was significantly reduced





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































6.3 Chemical composition of mine waste 145
Despite the probable influence of free calcium carbonate, 0.5M
acetic acid was marginally the most powerful extractant overall. This
reagent extracted higher levels of zinc than 0.1N hydrochloric acid but
a similar pattern was not apparent for acid-soluble lead.
Attempts to adjust acid extraction methods by allowing for titrable
alkalinity or calcium carbonate-equivalent have usually proved
unsuccessful —_ distinctiors between zinc-deficient and non-deficient
soils are required, probably because of considerable variation in the
zinc content of the dilute acid-soluble fraction of soils.
Clearly the extent to which dissolution of occluded lead and zinc
occurs is determined by several factors, for extractants such as
O.05M EDTA, DTPA and 1N (NH,)500,/0.01M EDTA, which have a milder
solvent action than dilute acids, recovered a similar and occasionally
higher proportion of the total metals in the calcareous wastes. The
influence of other factors in addition to the calcium carbonate content
of the wastes is also indicated by the low level of lead extracted
from the acidic Goginan mine waste, using 0.5M acetic acid, compared
with the value for 1N (NH,,) ,CO,/001M EDTA and DTPA. The proportion
of the total lead and zinc which was soluble in 0.05M EDTA, IN(NH),) 5
co,/0.01M EDTA and DIPA was consistently higher than for the neutral
salt solutions. In normal soils, micronutrient cations extracted using
the latter reagents (e.g. 2N MgCl.) are usually considered to represent
the exchangeable fraction, whereas the former reagents also determine
complexed and chelated forms of the metals. The low solvent action
of the neutral salt solutions is indicated by the poor differentiation
they achieved between sites compared with the distinct differences
observed where chelating agents were used.
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6.3.5 Water soluble metals
6.30501 Introduction
Determinations of the concentration and nature of water-soluble
constituents of soils are potentially valuable for estimating nutrient-
availability, and for diagnosing phytotoxic elements. Ideally, the
chemical composition of a water-extract should represent that which
exists in the soil solution. Extraction of the soil solution itself
is restricted by practical difficulties and subsequent analysis is
complicated by the small volumes of liquid extracted and by the low
concentrations of elements in solution. In general, satisfactory
alternatives to the extraction of the soil solution are not available
and most techniques provide a combined estimate of the water-soluble
fraction and a variable proportion of the solid phase which is in active
interchange with the soil solution.
Many of the criticisms of methods used as alternatives to the
extraction of the soil solution itself, arise from the high ratio of
extractant to soil (usually 5:1 v/w) which is used to ensure
sufficient extract for analysis of several elements. Alterations in
the cation exchange equilibria and solvent effects are disadvantages
of these equilibration methods which also fail to allow for the variable
water-retention characteristics of soils. Despite their limitations
these methods are widely used on a routine basis.
The saturated paste method is often considered the most suitable
alternative because the extract has a composition more closely
representative of the soil solution. This procedure involves mixing
the soil with sufficient water to produce a saturated paste of defined
Gintunterancieee The paste is vacuum-filtered and the clear filtrate
analysed accordingly. The characteristics of the soil solution ina
147
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soil-plant system are not constant but saturation paste extracts at
least allow for variation between soils in their water-holding
capacity.
Water extracts of air-dried, sieved material (2mm) from each of
the mine wastes were prepared by both the saturated paste method and
the 1:5 (soil-water) extraction methods. The filtered extracts were
analysed for lead and zinc by atomic absorption spectrophotometry
but concentrations of the major plant nutrients (particularly nitrogen
and phosphorus) were too low for accurate analysis and were not determined.
6.30562 Methods of extraction
1. Saturated paste technique
Saturated paste extracts were prepared according to the method
proposed by Richards (1954) for diagnosis and improvement of saline and
alkali soils. 100gm samples of waste provided sufficient quantities
of extract for analysis and the soil-water extracts were allowed to
equilibrate for two hours before filtration.
2. Extractions at 1:5 (soil:water) ratio
10gm samples were extracted with 50ml of deionised water for one
hour on a reciprocating shaker. The suspensions were filtered and the
filtrates analysed directly.
6.35.3 Results
Despite the anticipated influence of the comparatively high
extractant:soil ratio of the 1:5 extract,on the dissolution of heavy
metals in the samples, extractable metals (expressed on an air-dried
soil basis) were lower than for the saturated paste extract (Table 17).
This unexpected observation may be explained by the relatively short
equilibration period allowed for the 1:5 extraction method (1 hour)
compared with the saturation extract (2 hours). In view of the many
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limitations associated with water extracts (Jacober & Sandoval, 1971),
the effects of extraction time and the ratio between soil and
extractant were not investigated.
Comparisons between the amounts of lead and zinc extracted by
either method generally reflect the higher water-solubility of the
latter. This is most apparent for the Trelogan (2), Darley, Head
Wrightson and Goginan mine wastese The zinc values for the acidic
Goginan spoil were similar to those of calcareous wastes containing
very much higher total zinc levels. The ratio between the water-soluble
levels of the two metals determined by either procedure was fairly
constant for any individual waste, but for the Trelogan (1) material
there was an inexplicable reversal of the dominant metal according to
the extraction method used.
6.4 The correlation between bioassay and chemical analysis
6.4.1 Introduction
The results of the bioassay comparing the performance of metal
tolerant and commercial populations of Festuca rubra on mine waste,
suggested that the principal limitations to plant growth were the high
levels of phytotoxic metals and the very low saeent fertility.
Chemical analysis of the wastes indicated significant variation between
sites in the chemical composition of the materials particularly with
respect to plant macronutrients, lead and zinc.
Preliminary examination of the results from the bioassay, together
with the data from the chemical analyses, suggested that variation in
chemical composition might explain the non-uniform productivity,
particularly of the commercial population on the mine wastes. It was
assumed however, that this variation represented the influence of
several factors and plant performance was therefore a function of the
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combined influence of these parameters. The deficiencies of nitrogen
and phosphorus and elevated levels of lead and zinc were all liable
to influence growth but the relative importance of these factors could
not be determined subjectively.
In order to identify the effects of these factors upon plant
growth, the results from the bioassay and the chemical analyses were
compared using multiple regression analysis. Previous studies of zinc
extractability in soils have suggested that several factors must be
considered as variables influencing zinc availability to plants (Martens
et al., 1966) . However, the mine wastes had a low organic matter
content so the possible formation of organo-clay complexes and their
influence upon zinc extractability was considered less relevant for
these materials. Similarly, the sites were selected for their high
calcite content and because with one exception the pH values varied
within a narrow range (6.8 - 7.7), the influence of pH was also
discounted. Since the nutrient and heavy metal aiiyned had been carried
out by several methods, the procedures most appropriate for predicting
plant performance on metal-contaminated wastescould be investigated.
In the multiple regression analyses the measurements of
productivity of the plants from the bioassay (dependent variable)
were regressed against the results of the various metal and nutrient
analyses (independent variables). The regression was Y =+ BX, +
BAX, + B5X, + B,X), + BX. (where Xx) to X, are nitrogen, phosphorus,
potassium, lead and zinc). All possible combinations of the various
analytical methods for determining these elements were investigated
using this relationship. The performance of the various extractants
could not be evaluated with the appropriate lead and zinc contents
of the vegetation as variables in the statistical analysis, because of
the high proportion of missing data. In view of the influence of
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fertiliser applications on nutrient status and heavy metal availability,
the statistical analysis only considered yield data obtained from the
untreated pots.
Estimates of the regression coefficients (B+B»Bz9B, 1B.) obtained
from the multiple regression analyses were used to give predicted values
of yield (X). The correlation between observed and predicted values
of yield (Y and $) ds the multiple correiseion coefficient (R). This
indicates the degree to which the metal and nutrient analyses predict
plant yield. Because of the relatively small numbers of wastes analysed,
in relation to numbers of analyses carried out on each waste, there are
a limited number of degrees of freedom for estimating error in the
multiple regression analyses. This means that the multiple correlation
coefficients obtained must be treated with some caution. This
limitation could have been overcome by reducing the number of variables
included within each regression or by increasing the number of mine
wastes studied. Reducing the number of variables would however, have
affected the scope of the investigation, whilst limitations of scale
_required that the number of mine wastes studied be restricted.
6.4.2 Results
Although the experimental design restricted statistical
interpretation of the data, several distinct trends can be seen.
Initially, four separate series of multiple regression analyses were
carried out using the various plant nutrient (N, P & K) doa heavy metal
(Pb & Zn) analytical methods as independent variables and the yields
of tolerant and non-tolerant plants for each harvest as the dependent
variables. Multiple correlation coefficients were calculated for all
possible combinations of analytical methods. The distribution of the
multiple correlation coefficients obtained for each harvest and each
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The results show a marked differentiation between tolerant and
non-tolerant plants. The consistently high multiple correlation
coefficients associated with the latter (70 and 100% of the
correlations had R >.94 for harvests one and two respectively), suggest
that the levels of nutrients and metals in the wastes explain a high
proportion of the variability associated with the yield data.
Conversely, the lower multiple correlation coefficients for metal
tolerant plants (3 and 0% had R>.94) suggest that other factors may
be involved. This difference may be explained by the adaptation of
the heavy metal tolerant ecotype to both low levels of plant macronutrients
(Bradshaw et al., 1960) and high concentrations of heavy metals. The
yields of tolerant plant may therefore be less dependent upon variation
in the metal and nutrient levels.
Further interpretation of the multiple correlation coefficients
was restricted to the data obtained from non-tolerant plants. The
multiple correlation coefficients greater than .97 for the first
harvest and .98 for the secondaa classified according to
the particular analytical methods associated with them. The numbers
associated with the different analytical methods for leadand zinc, expressed
as a percentage of the total number,are indicated by Figures 11A and 118.
The classification of coefficients from the first harvest
(Figure 11A) suggests that estimates of total or water-soluble zinc
(in a saturated paste extract) are more informative than values for the
plant-available fraction when considering the effects of the metal on
plant growth. The classification of coefficients for the second
harvest (Figure 118) is less distinctive although the correlation
frequency for the DIPA and saturated paste techniques is marginally
superior to that of alternative extraction methods.
FIGURE 11A
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E - .1N HCl
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1556.4 Correlation between bioassay and chemical analysis
The situation is even less clear for lead. There is no single
method which is clearly distinguishable but DIPA - extractable lead
correlates more closely with plant response than lead extracted by
the other methods. This observation was consistent for both harvests.
In contrast to zinc, water-soluble lead does not appear to be related
to plant performance,for estimates by the saturated paste extraction
method were poorly correlated with yield.
Individual multiple correlation coefficients were also classified
according to the analytical methods for nitrogen, phosphorus and
potassium with which they were associated. For the first harvest
there was an approximately equal distribution of the coefficients
between the analytical methods determining total and available phosphorus
and potassium. Although the analyses were only calibrated against
plant performance, and no measurements were made of nutrient levels
in the harvested vegetation, the results suggest that no particular
advantage is obtained by determining plant available nutrients as
opposed to the total values themselves.
These observations do not apply to the nitrogen analyses because
90% of the multiple correlation coefficients greater than .97
incorporated 2M potassium chloride-extractable nitrogen as a variable
rather than the total nitrogen value . This differentiation between
analytical methods for nitrogen was less apparent for the second harvest
where 57% of the multiple correlation coefficients greater than 98
included available nitrogen as a variable. It seems probable that
extractions using 2M potassium chloride provide a more accurate
evaluation of the nitrogen status of metalliferous wastes overall, for
a further screening of the multiple correlation coefficients from the
second harvest (at R>.99) indicated that 86% of the coefficients included
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available nitrogen as a variable.
There was an approximately even distribution of the coefficients
between the two analytical methods for potassium in the second harvest
but 85% of the multiple correlation coefficients (screened at R > .98)
included total - rather than bicarbonate - extractable phosphorus as
a variable. The latter was unexpected in view of the widespread
application of the sodium bicarbonate extraction method to normal
soils for predicting the probability of obtaining a response to
applications of phosphate fertiliser. The distribution of the coefficients
between the alternative analytical methods was inconsistent for the two
harvests, and this may be due to the limited number of mine wastes
included in the investigation.
Each of the five independent variables (N,P,K,Pb & Zn) was
separately eliminated from the multiple regression analysis and the
correlation coefficients re-calculated with four independent variables.
The distribution of the multiple correlation coefficients among the
ious analytical methods was then re-examined and compared with
the distributions for five variables (Figures 12A & 12B).
The distribution of the correlation coefficients for the first
harvest, calculated with either phosphorus or potassium excluded from
the regression, was very similar to the pattern observed for the
original distribution where both variables were included. This suggests
that neither factor alone explains a high proportion of the variation
in plant performance on the metalliferous wastes. The absence of any
Significant alteration to the distribution pattern of the coefficients
where potassium was excluded from the regression was anticipated in
view of the consistently high availability indices recorded for this
nutrient (Table 16). The lack of response to the removal of phosphorus
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EFFECT OF ELIMINATION OF INDEPENDENT VARIABLES UPON THE DISTRIBUTION
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1596.4 Correlation between bioassay and chemical analysis
elimination from the analysis of the results from the second harvest
markedly altered the distribution pattern of the multiple correlation
coefficients. When considered together with values for extractable
phosphorus in the wastes (Table 16), these results suggest that the
very low levels of this nutrient restrict plant growth and development.
Similar conclusions may also apply to nitrogen, for exclusion
of this nutrient from the statistical analysis of the first harvest
radically altered the distribution of the multiple correlation
coefficients. This observation was once again inconsistent for a
similar effect was not apparent for the second harvest. This may reflect
the very low nitrogen status of mine waste and the low organic matter
content, for the latter influences the capacity of soils to supply
nitrogen for plant uptake. Variability associated with yield in the
first harvest may be partly explained by differences in plant-available
ammonium and nitrate but the removal of these nutrients by harvesting,
and the inability of the wastes to replenish the supply by mineralisation
of organic nitrogen compounds, may explain the lack of differentiation
in the second harvest.
Elimination of zinc or lead from the statistical analysis
generally had a less marked effect upon the multiple correlation
coefficient distribution than the exclusion of phosphorus or nitrogen.
A comparison of the distribution patterns with lead or zinc excluded,
indicates that variation in the zinc contents of the wastes explains
a greater proportion of the variability associated with the yield of
commercial Festuca rubra. This was particularly noticeable for the
second harvest and it is tentatively concluded that the zinc levels
in calcareous metalliferous waste and fluorspar tailings may be of
greater significance than the lead levels in predicting the performance
of commercial varieties of grasses.
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6.5 Conclusions
The performance of metal tolerant and commercial populations of
Festuca rubra on metalliferous mine waste and fluorspar tailings
indicated that growth was restricted by the high metal levels and
low inherent fertility. The superiority of the tolerant population
was most apparent on the metalliferous mine wastes, especially where
fertiliser was added.
Chemical analyses indicated very low levels of nitrogen and
phosphorus but satisfactory levels of potassium. Despite restrictions
imposed by the limited number of mine wastes investigated, statistical
examination of the results by multiple regression analysis suggested
that the yields of the commercial population on untreated mine waste
were influenced by the nitrogen and phosphorus content of the wastes
as well as the heavy metals. Nevertheless, the performance of the
commercial population generally remained unaffected by the addition of
fertiliser, although plants grown on wastes containing low residual
levels of metals showed a slight but statistically non-significant
(p>0.05) response to the nutrient input.
The various analytical methods used to determine the fraction
of the metal and nutrient contents of the wastes which correlated
with plant performance, showed that correlations between these chemical
parameters and growth were poorer for the metal tolerant population
than for the commercial population. However, the use of chemical
analysis for predicting the performance of commercial varieties of
grasses on metal-contaminated mine waste may be restricted even where
the potential limitations to growth are known and may be quantified.
Although conclusions drawn from the investigation are tentative,
the saturated paste extraction method provided the best estimate of
zine in relation to plant performance. This method may be appropriate




and is therefore comparatively versatile; but none of the procedures
estimated both lead and zinc satisfactorily. DTPA-extractable lead
correlated more closely with plant performance than the values
determined by alternative methods, but the overall lack of differentiation
between analytical methods may not have occurred if a wider-range of
mine wastes had been investigated. While chemical analyses may identify
potential limitations to growth, their value may be extended when ve
tesults are considered together with results of a simple bioassay
investigation such as that carried out.
CHAPTER 7
PLANT GROWTH ON A DISUSED FLUORSPAR TAILINGS DAM
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CHAPTER 7 - PLANT GROWTH ON A DISUSED FLUORSPAR TAILINGS DAM
71 Introduction
Preliminary comparisons between fluorspar tailings from a recently
inactive dam (1 & 2), older tailings (Glebe) and various metalliferous
mine spoils suggested that modern tailings do not possess the phytotoxic
properties of their forerunners. The performance of metal tolerant and
commercial populations of grasses clearly differentiated older wastes
containing high residual levels of metals from less toxic tailings
produced by modern methods of processing. Together with chemical
analysis, the results of these bioassays implied that macronutrient
deficiency would be the principal factor limiting growth on recently
disused fluorspar tailings dams. Controlled glasshouse experiments
therefore provide a useful means of assessing the capacity of soils to
support plant growth, particularly if large numbers of substrates are
involved. Nevertheless, they do not evaluate the influence upon growth
of plant-substrate relationships and environmental variables including
rainfall, exposure and temperature as they occur under field conditions.
Series of experimental plots were therefore set out on the
surface of 1 & 2 dam to examine the effects of the heavy metal,
fluoride and low nutrient status of the tailings upon plant growth in
the field. In the first trial programme initiated in spring 19735, the
establishment of a sward was investigated using organic and inorganic
sources of plant nutrients. Comparisons were based upon measurements
of the productivity and species diversity of developing swards,
nutrient recovery , and the heavy metal and fluoride contents of the
vegetation. In further experiments (spring 1974), which were based
upon results from the first harvest of the earlier trials, the growth
of legumes and their capacity for fixing atmospheric nitrogen under
the adverse conditions of the tailings dam were investigated. Both
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sets of trials were designed in accordance with the ultimate land-use
objectives (1.1).
Trials were positioned in two adjacent areas close to the
perimeter wall of the dam. Both areas were enclosed by vermin-proof
fencing covered with fine-mesh nylon sheeting ('Netlon' - 100 mesh)
to act as a windbreak.
7e2 Evaluation of different nitrogen fertilisers
7e2el Objectives
Bioassay experiments (5.2 - 5.4) and chemical analysis (6.3) of
the waste from 1 & 2 dam suggested that the tailings were very deficient
in nitrogen and phosphorus but that the level of potassium was adequate
for plant growth. Because one of the primary objectives of the field
trials was to determine ways in which vegetation could be established
rapidly on fluorspar tailings, amelioration of the low macronutrient
status was considered to be of major importance. In this context,
recovery of applied fertilisers by a developing sward and the efficiency
of this recovery relative to the timing of the nutrient applications
were investigated.
Several factors suggested that nitrogen, in particular, could be
a factor limiting growth even after application of inorganic fertilisers.
Fluorspar tailings lack organic matter and clay-minerals both of
which are important components of the cation-exchange complex of soils.
This factor, combined with the physical characteristics of tailings
described previously (3.1.3), suggested that leaching of nitrogen
compounds in drainage water could cause significant losses of the
nutrient.
7e2e2 Experimental design
One metre-square trial plots were set out in April 1973 to observe
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7.2 Evaluation of different nitrogen fertilisers
the effects and recovery of fertiliser nitrogen applied in various
wayse The background levels of phosphorus and potassium were kept
constant by applying 75kg/ha of P50 and K,0, as superphosphate and
3
potassium sulphate respectively, to each of the plots. Thirteen
different nitrogen treatments were used, the total amount of nitrogen
applied being 75kg/ha in each case. The timing of the applications
varied as detailed in Table 18. Each treatment was replicated three
times in a randomised block design.
A mixture of 60% Lolium perenne (var. S23) and 40% Festuca rubra
(var. S.59) was sown on to each plot at a rate of 85kg/ha. The plots
were harvested six months after sowing. Strong winds eroded the
margins of several plots introducing a noticeable 'edge-effect'.
This problem was eliminated by harvesting within five quadrats (each
having an area of 200 sqecm) which were positioned semi-randomly on
each plot to avoid the margins where necessary.
The total dry matter production of both roots and shoots was
obtained and their nitrogen contents determined separately. Values
for nitrogen recovery were then calculated. These were corrected for
nitrogen recovered in the untreated control plots.
The total nitrogen content of the vegetation was determined by a
semi-micro Kjeldahl procedure described previously (6.3.2). Both roots
and shoots were washed in 0.2% Teepol and then oven-dried at 35°C for
five days, the drying temperature being carefully maintained to avoid
losses of nitrogen by volatilisation. After drying, samples were ground
to pass a O.2mm screen.
Root yields were determined by taking a series of soil cores
(one from each aaddeat) using a corer (5.7cm i.d.) which was inserted
into the tailings to a depth of 30cm. This depth was beyond the
rooting zone for all treatments. The cores were air-dried for seven
TABLE 18
COMPOSITION AND APPLICATION OF FERTILISERS
NITROGEN FERTILISERS TRIAL
Fertiliser treatment %N in Rate ha N) and timing of application
fertiliser
A) None (control) - None
B) Sodium nitrate 16 7T5kg/ha at seeding (early April)
C) - Ammonium sulphate 21 T5kg/ha at seeding
D) Ammonium nitrate ('Nitram') 34.5 7T5kg/ha at seeding
E) Sulphur-coated urea ('Gold-N') 32.5 T5kg/ha at seeding
F) Urea 46 75kg/ha at seeding
G) Hoof & Horn 12.5 75kg/ha at seeding
H) Dried blood 13 75kg/ha at seeding
I) Gold-N + sodium nitrate As above 50kg/ha (Gold-N) and 25kg/ha (sodium
. nitrate), both at seeding
J)  Gold-N + sodium nitrate As above 25kg/ha (Gold-N) and 50kg/ha (sodium
nitrate), both at seeding
K) Sodium nitrate (2 applications) As above 50kg/ha at seeding and 25kg/ha at the
end of May
L) Sodium nitrate (2 applications) As above 25kg/ha at seeding and 50kg/ha at the
end of May
M) Sodium nitrate (3 applications) As above 25kg/ha at seeding, 25kg/ha at the end
of May and 25kg/ha at the end of July
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days at room temperature and the roots were separated from the
tailings, using a 0.5mm (B.S. 30-mesh) stainless steel sieve, before
being washed and oven-dried.
7e2e5 Results and discussion
Dry weight yields (shoots only) for each fertiliser treatment
are shown in Figure 13. An analysis of variance was carried out on
the data which were transformed logarithmically (Appendix B). Duncans
New Multiple Range Test was then used to locate significant differences
at the 5% level. The percentage recovery of nitrogen is shown in
Figure 14,
In all cases where the 75kg/ha of nitrogen was given in a single
application one week prior to seeding, the superiority of the slow-
release fertilisers (sulphur-coated urea, hoof & horn and dried blood)
is apparent. Although there is no clear distinction between the slow-
release fertilisers based on animal by-products (hoof & horn and dried
blood) and the sulphur-coated urea (Gold-N), in terms of final yield,
the initial flush of nitrogen from Gold-N soon after its application
( = 10% of the total nitrogen content is released within fourteen days)
was beneficial because a satisfactory ground cover was achieved
within a few weeks. Both animal by-products are difficult to apply,
being in non-granular form, and neither releases sufficient nitrogen
in the four week period following application to allow a satisfactory
cover to be established rapidly.
‘No significant differences were recorded between yields of the
plots treated with one application of nitrate- or ammonium-nitrogen;
however, urea was found to be inferior to all other sources of nitrogen.
Productivity in the urea-treated plots was similar to the control
plots where only phosphorus and potassium were applied. The correlation
between yield and percentage recovery of nitrogen is very marked
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A - None H - Dried blood
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(ao (NH) 80, ds (NH)co (sulphur-coated) /NaNO, = 25:50 "
D - NH,NO, K - NaNO, ( 2 applications) - 50:25
E- (NH) ,cO (sulphur-coated) L- NaNO, ( 2 applications) - 25:50
P - (NH,),co M - NaNO, ( 3 applications) - 25:25:25
G — Hoof & Horn
4
168
7.2 Evaluation of different nitrogen fertilisers
(Figure 14). The lower yields from plots treated with a single
application of nitrogen probably therefore reflect losses of the
nutrient by volatilisation and leaching.
When applied to calcareous soils, ammonium salts may form ammonium
carbonate or bicarbonate, both of which ane unstable and decompose to
release gaseous ammonia. Losses of nitrogen from ammonium compounds
by wolatiatentioninave long been recognised (Jewitt, 1942) and may be
particularly important in fluorspar tailings because of their low
cation-exchange capacity. The cation-exchange capacity was determined
at pH 8.2 by the sodium-saturation method of Bower et al. (1952) and
found to be less than 50mEq/kg. Losses of ammonia from urea are often
more marked than from ammonium sulphate or summon nitrate (Volk, 1961)
because the amide is hydrolysed more rapidly. The losses are reduced
if the urea is coated with sulphur (Gold-N).
On calcareous soils, nitrates often constitute a more effective
source of nitrogen than ammonium compounds (Gardner, 1969). However,
comparisons hebween the plots treated with single applications of
ammonium- or nitrate-nitrogen do not show this distinction. This is
probably due to considerable losses of nitrate in drainage waters.
The absence of a well-developed crumb structure, which normally combats
leaching by retaining nitrate ions within structural aggregates, may
have contributed to these losses. Leaching of nitrogen probably
occurred by direct infiltration of water through the tailings and by
way of vertical fissures in the surface layers.
Comparisons between rainfall (R) and potential water loss by
transpiration (T) show that the former was the greater for each month
between April 1973 and March 1974, except in May. The balance between
R and T is shown in Table 19. The potential transpiration values were
i69s
FIGURE 14
CORRELATION BETWEEN PRODUCTIVITY AND RECOVERY
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7.2 Evaluation of different nitrogen fertilisers
corrected for the 380ft difference in the average height above sea-
level of the County of Derbyshire (640ft) and that of the tailings
dam surface (1020ft). The pattern is the reverse of that normally
expected with rainfall exceeding transpiration losses for most of
the spring and summer months.
For the spring/summer months spanning the period between the first
fertiliser applications (early-April) and harvesting (mid-September),
an excess of rainfall over transpiration was most marked during April
and August. Losses of nitrate by leaching processes were probably
greatest where applications were made immediately before or during
these months. The percentage recovery of nitrate-nitrogen was greatest
when two-thirds of the total addition was applied at the end of May,
immediately before an eight-week period in which potential transpiration
and rainfall were approximately balanced. When two-thirds of the total
nitrogen was given in early-April, growth and recovery of nitrogen by
the developing sward were reduced. The comparatively efficient recovery
obtained from the later application of nitrogen may also reflect the
increased volume of tailings being exploited by the sward at thetime
of application, due to aigia root growth and development during the
initial establishment period. This is also suggested by the improved
recovery of nitrogen when it was added in three separate applications
(April/end of May/end of July) as compared with the recovery when 50kg/ha
was applied at seeding and 25kg/ha at the end of May. In both cases
two-thirds of the total nitrogen was applied prior to periods where
rainfall exceeded potential transpiration. The better recovery of
nitrogen from the treble application treatment was probably due to
the extensive root system which had developed by the time the final
application of 25kg/ha was made.
Both the close relationship between productivity (roots and shoots
iva
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“average monthly values (inches) calculated from the
county averages for 1950-1964 (MAFF 1967) and
corrected for the height of the tailings dam above
average county level (1020' - 640' = 380'a.m.s.1).
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combined) and percentage recovery of the applied nitrogen (Figure 14),
and the very low yields recorded by the control plots treated
with
phosphorus and potassium only, indicate the importance of
this
macronutrient for the growth of vegetation on fluorspar tailings.
7.5 Effects of nitrogen, phosphorus and potassium
7.301 Objectives
Variation in the distribution of coarse and fine particles af
fects
the infiltration of water through the tailings profile an
d therefore
influences losses of nitrogen by leaching. Although such lo
sses may
vary over the tailings dam area, depending on particle si
ze distribution,
they suggested that the use of slow-release fertilisers
or leguminous
species, which are able to fix atmospheric nitrogen, cou
ld be
important in establishing a low-maintenance sward which
does not
require regular applications of nitrogen. This was inve
stigated
initially by monitoring the development of a mixed gra
ss-legume sward
containing white clover (Trifolium repens), according to
the fertiliser
treatment applied. The macronutrient status of the ta
ilings was
amended using nitrogen, phosphorus and potassium ferti
liser treatments
in a factorial experimental design.
Vener Experimental design
Three levels of each of the three macronutrients w
ere used in all
possible combinations i.e. 27 treatment combinations
. Each treatment
combination was replicated three times, the plots bei
ng arranged in a
randomised block design. Three untreated plots wer
e included within
each block to give thirty plots arranged in a 6 x 5 de
sign. The area
of each of the plots was 1 sq.m and they were separ
ated by 0.5m pathways




Plate 6A: NPK factorial experiment in August 1973,
three weeks before the first harvest.
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Plate 6B: Comparison of organic and inorganic
sources of macronutrients (August ,1973).
Each row contains 9 plots (6 pure stands
and 3 species mixtures) treated (left to
right) with farmyard manure, NPK (ICI No.5),
control (no fertiliser), sewage sludge and
NPK + extra P (superphosphate).
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Fertilisers were applied prior to sowing and were lightly raked
into the surface layers of tailings. Nitrogen was applied as sodium
nitrate, phosphorus as superphosphate and potassium as potassium
sulphate. The weight of fertiliser applied corresponded to an addition
of 25, 50 or 100kg/ha of N, P and K,0 (Table 20A). The seed2°5
mixture, the composition of which is detailed in Table 20B, was sown
at 85kg/ha and raked into the surface layers to minimise direct contact
with the applied fertiliser. Each plot was lightly compacted to
minimise redistribution of the seed and fertiliser by wind.
After six months the plots were harvested (shoots only). Yields
were oven-dried at 50° for fourteen days without any separation of
the component species. A second harvest (regrowth) was taken after a
further twelve months. Prior to each harvest the proportion of each
plot covered by Trifolium repens was estimated, so that the effects
of fertiliser treatment upon this value could be compared. These
measurements were obtained using point quadrats. The pins were lowered
vertically through the established swards and each contact with
Trifolium repens noted. One hundred point quadrat measurements were
taken for each plot. Additional measurements were made, using similar
methods, to determine the percentage of bare ground on each plot,
7e3e5 Results and discussion
Estimates of productivity according to fertiliser treatment for
the first and second harvests are shown in Figure 15. Statistical
examination of the yield data by analysis of variance indicated a
significant enhancement of productivity due to application of nitrogen
and phosphorus. The effect of nitrogen on yield was highly significant
(p<.001) at both harvests (see Appendix B). This can be related to
the response of Lolium perenne to nitrogen fertiliser, for swards
TABLE 20B
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7.35 Effect of nitrogen, phosphorus and potassium 176
established on plots treated with nitrogen at the highest rate (100
kg/ha) were dominated initially by this species and Festuca rubra,
regardless of the phosphorus and potassium applications.
Despite losses of applied nitrogen by leaching processes and
removal of the nutrient in the clippings of the first harvest, yields
were generally similar for both harvests. The period of growth
between harvests was however, twelve months compared with the six
month period before the first fervent which included germination and
establishment phases. The distinction between the 25, 50 and 100kg/ha
nitrogen treatments was apparent only in the first harvest. No overall
significant difference (p>0.05) was recorded between the two lower levels
at the second harvest. Although no further quantitative measurements
were made, a gradual regression of the swards established under the
high nitrogen regimes was noticed following the second harvest. This
was most apparent where phosphorus was applied at the lower rates of 25
and 50kg P30,/ha and is attributed to the poor — of Trifolium
repens and the progressive lowering of the nitrogen status of these
plots as a result. The rate of regression was probably exaggerated
under these trial conditions for removal of vegetation by harvesting
affects nutrient cycling by preventing in situ decomposition of organic
matter by microbial activity. The overall effects of nitrogen upon
yield confirmed the low nitrogen status of fluorspar tailings which
was established by chemical analysis (6.3.2 & 6.3.3).
The analyses of variance also indicate a highly significant
effect of ptioaphéras upon yield, For both harvests a clear distinction
between the lowest (25kg/ha) and highest (100kg/ha) rates of
application was apparent. The increased productivity due to
incorporation of phosphorus is in agreement with the results of
analytical studies, which suggested that growth would be affected
adversely by the low phosphate status of fluorspar tailings.
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”~
The analysis of variance for the first harvest shows the effects
of nitrogen and phosphorus to be additive but the results of the
second harvest indicate a significant, negative N x P interaction.
The improvement in yields observed with increasing levels of nitrogen
in the presence of 25 or 50kg P20,/ha was not maintained where 100kg
P30,/ha were applied. PxK, NxK aoe NxPxK interactions were not significant
for either harvest.
No response to potassium was shown in the first harvest but a
significant response was obtained in the second. Duncans New Multiple
Range Test indicates an overall lack of differentiation between the
100kg/ha treatment and both the 25 and 50kg/ha treatments although
there was a difference in response to the two lower application rates.
This seems surprising in view of the satisfactory potassium status of
fluorspar tailings (Table 16).
Measurements of productivity are incomplete in their description
of the effects of fertilisers upon plant growth if there is no
division of the yield into the component species. This separation is
time-consuming where large quantities of vegetation are involved but
measurements of relative frequency (no. of contacts/100 point quadirats)."
recorded in situ prior to harvesting, allow for the stratified nature
of the ground layer and can be used to estimate the yield of a species
on a comparative basis (Kershaw, 1971). In view of the recognised
importance of legumes where a self-reliant ecosystem is required, which
is independent of regular applications of fertiliser (Bradshaw et al.,
1975), the abundance of clover in relation to fertiliser treatment
was determined by cover-repetition measurements. |
Cover values were expressed initially as percentages but were
transformed to arcsin to equalise variances. In each case the proportion
term (x) was transformed by determining the angle (6) for which sin
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© = x. The transformed values (©) were then used in an analysis of
variance without retranslation to the corresponding percentage terms.
The angle-means (n=3) according to fertiliser treatment are shown in
Figure 16,
The effects of all three nutrients upon the abundance of clover
were similar for both harvests (see Appendix B). The effects of
nitrogen and phosphorus upon see values were very significant (p<.001)
but neither the main-effect of potassium nor the first- and second-
order interactions achieved statistical significance at the 5% level.
With increasing levels of nitrogen, cover values for clover
decreased although overall productivity increased mainly due to
vigorous growth of the ryegrass at the higher rates of application.
The inverse relationship between abundance of clover and the rate of
application of nitrogen was evident for both harvests. However, cover
values for clover increased with higher levels of phosphorus where
the levels of potassium and nitrogen remained unchanged. There was an
overall increase in abundance of clover in the second harvest compared
to the first, probably due to reduced competition from the companion
grasses. Clearly the main influence upon the growth of the legumes
was the balance between rates of application of nitrogen and phosphorus,
Because of the importance of attaining a satisfactory overall
cover with a minimum of bare ground, combined measurements of cover
were made for all species present. From one hundred projections on
to each plot, the number of contacts with each species was noted
and expressed as a combined percentage cover value for all species.
The stratified nature of the ground layer was not accounted for because
only a single contact or absence of contact with vegetation (i.e. +
or -) was recorded in each case. Cover values were recorded prior
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The results of an analysis of variance on the arcsin-transformed
data (Appendix B), were similar for both harvests. The main-effects
of nitrogen and phosphorus upon overall cover were highly significant
(p<0.001). Cover values increased with higher application rates of
nitrogen and phosphorus but potassium had no significant effect.
First- and second-order interactions were not significant at the %
level, except for the negative NxP interaction from the second harvest.
At the second harvest, a ground cover that was considered
satisfactory (< 10% bare ground) was attained by treatment combinations
)? and
N(100)F295(25) *% (100)P2550) *N(100)F2°5¢100) » %(25)P2°5(100
yF This contrasts with values recorded prior to theN(50)P2°5(100)°
first harvest where the first three of these treatment combinations
only provided equivalent cover. The difference reflects the general
increase in the abundance of clover following the first harvest,
particularly in plots treated initially with P395(100) in combination
with N or Ni(25) 50)*
To summarize, the results of the factorial experiment suggested
that the rapid establishment of a visually-acceptable vegetation
cover could be readily achieved solely by application of nitrogen
and phosphorus fertilisers. For the ultimate development of a
low-maintenance sward however, initial rates of fertiliser application
should allow for: (1) successful colonisation by both grasses and legumes
and (2) the rapid growth which is necessary to immediately stabilise
and improve the visual appearance of the waste.
74 Comparison of organic and inorganic sources of macronutrients
7e4.1 Objectives
The leaching of essential macronutrients in drainage waters
suggested that the addition of slow-release fertilisers could be an
182
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appropriate means of raising the nutrient status of fluorspar tailings.
Most granular slow-release fertilisers provide a continuous but
variable supply of nutrients for several months (3-9 months from a
single application), but they are usually expensive compared with
organic amendments such as sewage sludge although costs of transportation
and application of the latter may be relatively high. However, the
degradation of eebndic matter in materials such as sewage sludge,
domestic refuse and farmyard manure, and the release of nutrients in
plant-available form during decomposition, is relatively slow. It was
therefore necessary to determine their value for tailings restoration.
The bases for selection of organic amendments for trial purposes were
cost (material and transportation), ease of application, availability
and previous reports of their use in revegetating metal-contaminated,
derelict land. Availability was considered particularly important in
view of the proposal to follow the preliminary trial schemes with a
large-scale restoration programme.
Gemmell (1974a) studied the problems of revegetating derelict
land polluted by chromate smelter waste and showed that a 25-40 cm
layer of free-draining, granular subsoil, overlain by granular sedge
peat or sewage sludge, provides a waste-free rooting medium in which
the mobility of chromate is restricted. Street & Goodman (1967)
found that by incorporating sewage sludge or screened domestic refuse
into smelter waste contaminated with zinc or copper, the metals are
rendered unavailable and a satisfactory nutrient supply provided, so
a visually acceptable vegetation cover develops. Although in the
latter case a marked regression of the swards has since been reported
(Goodman et al., 1973), the potential phytotoxicity of the rooting
medium was high compared with that of modern fluorspar tailings.
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3
Organic materials such as peat and sewage sludge are generally
superior to sand or soil as toxicity ameliorants (Gemmell, 1972) and
the siting of the tailings dam close to densely populated areas meant
that large quantities of sewage sludge were readily available.
Sewage sludges from industrial areas often contain significant
quantities of toxic heavy metals including zinc, copper, nickel, lead
and chromium; bas the air-dried, digested sewage from the ‘activated-
sludge' process, which was used in the trials, had a low toxic metal
content. Farmyard manure (long-straw cattle manure) was also used
as an organic amendment. The chemical composition of both organic
amendments is detailed in Table 21A.
7.4.2 Experimental design
Five fertiliser treatments were used including an untreated
control. The organic amendments were applied at rates which provided
a nutrient input of nitrogen and phosphorus which was approximately
equivalent to that applied as inorganic fertiliser. The inorganic
source of nitrogen, phosphorus and potassium was a granular, compound
fertiliser (I.C.I. No.5) applied at a rate equivalent to 50kg/ha of
N, P2095 and K5O. A second inorganic fertiliser treatment providing
the same nitrogen input but a higher phosphorus input, was also used
(50kg/ha N, P,0, & K,0 + 100kg/ha P30, as superphosphate). Details2-5 25
of the application rates are shown in Table 21A.
The performance of nine single species or species mixtures was
studied under each fertiliser treatment, each species/fertiliser
combination being replicated three times within a tandomised block
experimental design. Both metal tolerant and non-tolerant, commercial
varieties of Festuca rubra and Agrostis tenuis were used in order to























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































724 Comparison of macronutrient sources 185
under field conditions. Other species sown separately were Lolium
perenne and Trifolium repens. Seeding rates, which differed for
each species, and the composition of the three species mixtures are
detailed in Table 21B. All legume seeds were inoculated with the
appropriate Rhizobia.
Relatively small experimental plots were used (1m x 0.5m). These
were separated by 20cm pathways and 2m inter-block access paths. The
fertilisers were applied once only, one week prior to seeding, and
were incorporated into the surface tailings, the organic materials
to a depth of 10cm and the inorganic fertilisers to 2-3cm.
One half of each plot was harvested six months after sowing
(September, 1973). This was followed by a second harvest of the same
half of each plot twelve months later (September, 1974). The vegetation
was oven-dried for seven days at 50°C, sub-samples (5-10gm) having
been removed, washed and dried separately. Where productivity was
low G.e. < 5gm/0.25 sq.m), all the vegetation was washed before drying.
The lead, zinc and fluoride contents of the washed vegetation were
determined for the plots sown with single species. After each
harvest the maximum rooting depth was recorded for each of the single
species plots. This was determined by inserting a soil corer (3.2 cm
i.d.) into the tailings to a constant depth of 50cm. Five cores
were extracted from each plot and the tailings carefully removed
from the base of each core until the limit of the rooting zone could
be assessed,
7.4.3 Results and discussion
Yields of the pure stands and species mixtures for each of the
two harvests are shown in Figures 17A and 17B. An analysis of variance
of the yield data shows that there was a significant differentiation




YIELDS OF COMMERCIAL AND METAL TOLERANT POPULATIONS OF Festuca rubra
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YIELDS OF Lolium perenne, Trifolium repens AND SPECIES
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the first harvest (Appendix B), with the commercial varieties being
more productive than the tolerant populations. Field studies by
Smith and Bradshaw (1972) on metalliferous mine waste in Wales, showed
that the superiority of tolerant populations was only apparent several
months after seeding. However, even twelve months after the final
harvest was taken on fluorspar tailings (i.e. 2% years after seeding),
a subjective visual assessment of growth indicated that both the
tolerant and non-tolerant populations of both species were growing
vigorously, with the non-tolerant, commercial populations being the
more productive. It was concluded therefore, that seeds mixtures
'
including metal tolerant populations of grasses would not be necessary
for a large scale revegetation programme on l & 2 tailings dam.
Except in the case of Trifolium repens (Plates 7A, 7B & 7C), the
superiority of the organic amendments in terms of their productive
capacity was more apparent in the second harvest. This superiority
was due to the increased productivity where organic amendments were
applied, rather than to a marked regression of the swards supplied
with inorganic fertiliser. The yields from plots treated with
inorganic fertilisers were not significantly greater at the second
harvest compared to the first, although the time between harvests was
twelve months and the time between seeding and the first harvest was
only six months. This suggests that the distinction. between the
organic and inorganic sources of nutrients, which develops with time,
is attributable to the more intense leaching of nutrients applied in
inorganic form compared with those applied in the organic form where
nutrients are released gradually by the breakdown of organic complexes.
This is supported by observations over a twelve month period
following the second harvest. A regression of swards supplied with
inorganic fertiliser was observed, except for those species mixtures
-which contained a high proportion of legumes (species mixtures
189
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Plate 7B: Trifolium repens growing on fluorspar tailings treated
with granular inorganic fertiliser (50kg/ha of
N,P0,5K,0)-
Plate 7C: Trifolium repens growin
with 19.5 tonnes/ha of sewage sludge.
*All plots were photographed six months after seeding (Sept.1973).
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ae
I & II - see Table 21B) Sdstoy the pure stand of Trifolium repens.
A progressive lowering of the nitrogen status was probably responsible
for the deterioration of the established swards, because even where
50kg/ha K0 and 150kg/ha P20. were applied (NPK + extra P treatment),
yields were significantly lower than for sewage sludge which supplied
only 15kg/ha K,0 and 50kg/ha P505¢
Although the productive capacity of sewage sludge is often limited
by its low potassium content, yields were comparable to those achieved
using farmyard manure. This is in agreement with previous indications
that potassium is not a factor limiting plant growth on fluorspar
tailings.
The swards established from species mixtures sown on plots treated
with the organic amendments varied considerably in terms of their
legume content. Initially it was thought that this reflected the
species composition of the original seeds mixtures (Nos. I, II & III -
see Table 21B) which contained 10, 20 and 3% w/w of legumes respectively.
However, it became clear that the higher proportion of legumes in plots
sown to species mixture II could be attributed almost entirely to the
vigorous growth of Trifolium repens, although the seeds mixture contained
only 5% w/w of wild white clover compared with 10% w/w of this species
in mixture I. This is because the mixture containing the higher
proportion of clover also contained 50% w/w of Lolium perenne which
dominated the developing sward, whereas species mixture II contained
only 30% w/w of this species.
. This response was also observed where nitrogen, phosphorus and
potassium were applied in inorganic form as separate compounds (7.3) or
as a granular, compound fertiliser (treatment 3 - Table 21A), although
in both cases the abundance of clover increased following the first
harvest. However, where sewage sludge or farmyard manure was applied,
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the growth of Trifolium repens on plots sown to species mixture I
was still clearly inhibited twelve months after the final harvest.
When considered together with previous observations (7.3.3), this
result suggests that the establishment and growth of clover were
influenced by the composition of the seeds mixture, the rate of
application of plant nutrients and the form in which they were added.
Where sewage sludge was incorporated, clover was, in many cases,
completely excluded from the swards which had established from species
mixture I, although it was abundant in plots which received an
equivalent input of nitrogen and phosphorus in inorganic forme
Analyses of plants from the single species plots showed that the
levels of lead and fluoride in the vegetation (Table 22) were higher
than the values recorded in glasshouse bioassay experiments (5.2 & ‘
5.3) The radical differences in the plant:soil volume relationships
and other characteristics of the two environments may have contributed
significantly to these results, and the periods between seeding and
the first harvest and between harvests were considerably longer than
equivalent periods for the glasshouse trials. The pattern was
particularly clear for Trifolium repens where the concentration range
for lead (174-258ug/g. dry wt.) and fluoride (1050-1360ug/g) in
glasshouse experiments was much lower than that recorded under field
conditions (331-506ug/g and 4025-7140ug/g respectively). Levels of
fluoride in Trifolium repens established on the trial plots were similar
to values recorded for this species during analytical studies of plants
naturally colonising fluorspar mine waste (Table 8A). The levels of
zinc did not conform to the consistent pattern observed for lead and
fluoride.
There is some evidence to suggest that the presence of fertiliser





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































7°% Comparison of macronutrient sources 193
control, but the results are inconclusive. Furthermore, the effects
of organic and inorganic fertiliser treatments cannot be distinguished
by the heavy metal or fluoride contents of the vegetation. This may be
due to the considerable depth to which roots had penetrated in the
fertilised plots. The rooting zone extended well beyond the 5-10cm
surface layer where complexing of heavy metals by organic matter and
phosphate was probably most effective.
Concentrations of lead and zinc in the metal tolerant population
of Festuca rubra were lower than for the non-tolerant population but
this difference was less clear for tolerant and non-tolerant Agrostis
tenuis. The lead and zinc contents of Festuca rubra (non-tolerant)
and Lolium perenne are very much lower than levels recorded by Smith
& pikdoiie (1972) for plants which survived on metalliferous waste
for only eighteen months after sowing. Non-tolerant, commercial
varieties of several species grew satisfactorily on the tailings but
the high concentrations of lead, zinc and fluoride in the plants
indicated that the ultimate land-use and management of revegetated
tailings dams requires careful consideration.
The maximum rooting depth recorded immediately after each harvest
provides indirect evidence that root growth was not severely inhibited
in the non-tolerant populations compared to the metal tolerant
populations (Table 23). Inhibition of root growth is one of the
characteristic effects of heavy metals in toxic mine or smelter waste.
If organic amendments are applied to ameliorate the waste, rooting is
often restricted at or nearto the amendment/waste interface, depending
upon the mobility of the heavy metals (Gemmell, 1974a). The continuation
of root growth beyond the surface 3-10cm into which the inorganic
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=
the tailings and clearly helped to combat surface erosion caused by
high winds.
7-5 Effects of micronutrients
7.501 Objectives
In view of the saittsguanbitative nature of the mass spectrographic
analysis ,and the restricted range of elements determined (6.3.2), the
effect upon plant growth of adding micronutrients was investigated
under field conditions. The experimental design also enabled comparisons
between chemical slow-release fertilisers and organic materials as
sources of macronutrients, These comparisons were necessary because
of possible difficulties in applying organic amendments to areas of
tailings dominated by fine particles, where waterlogging and the unstable
surface structure would exclude the use of heavy agricultural machinery.
7502 Experimental design
The species mixtures, made up as shown in Table 21B (species
mixtures I & II), were sown individually at 80kg/ha on to an plots
treated with standard inorganic fertiliser, a granular slow-release
fertiliser or an aveshio amendment. Six macronutrient treatments were
used in the presence and absence of micronutrients. The macronutrient
content and application rate for each fertiliser used are detailed in
Table 24a. The rates were calculated to allow comparisons to be made
between the three main sources of nutrients. Therefore, in three of
the six fertiliser treatments, equivalent rates of nitrogen and
phosphorus were applied in standard, inorganic form (I.C.I. Noe 5),
slow-release form (Enmag and Gold-N) and as an organic amendment
(sewage sludge). The trace elements were applied in 'fritted' glass
i96
TABLE 244
RATE OF APPLICATION AND CHEMICAL COMPOSITION OF FERTILISERS (MICRONUTRIENT TRIAL)
Chemical composition
Application rate ( =50kg/ha N,P,0.)
% % * (unless otherwise stated) 25
Fertiliser treatment N P,9, K,0
1 N-[sulphur-coated urea (Gold-N)] 32 = a 156kg/
ha (= 50kg/ha N only)
2  P - [magnesium ammonium phosphate (Enmag)] 5 24 10 208kg
/ha (= 50kg/ha P 9. 10.5kg/ha N,
2ikg/ha K30;21kg/ha Mg)
3 NP - (Gold-N + Enmag) : As 1&2 above 208
kg/ha Enmag + 140.5kg/ha Geld-N
4 NPK(1) - (ICI No.5) 17 17 17 295kg/ha (also = 50
kg/ha K,0)
5  NPK(2) - (ICI No.5) As 4 above 147.5kg/ha (= 25kg/ha N,P,0,,
K,0)
*
6 Sewage sludge (16%dry matter) 1.6 1.56 0.51 19.5
tonnes/ha (also= 13kg/ha K,0)
*
Chemical composition is expressed on a dry weight basis
TABLE 24B
CHEMICAL COMPOSITION OF MICRONUTRIENT FERTILISER (MICRONUTRIENT. TRIAL)”
Nutrient w/w
Cu (as CuO) 2.1
Mn (as Mn0,) 4.9
B (as B,0,) 2.0
Mo (as Mo0,,) 0.15
Fe (as Fe,0,) 13eT










Other components are Si0,(36.1%), A1,0,(5.3%), K,0(2.1%) and Na,0(12.69)
+
Compound micronutrient fertiliser was applied at 45kg/ha
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~
(Ferro (GB) Ltd., Wombourne, Wolverhampton), the chemical composition
of which is shown in Table 24B. Micronutrients were applied in this
slow-release form to combat losses of the soluble trace elements by
leaching processes.
Each of the treatment combinations was replicated three times in
a randomised block experimental design. Fertilisers Sook applied
once only as deberdbed previously (7.4.2). Each plot was harvested
six months after sowing (September, 1973) with a second harvest (regrowth)
twelve months later.
7e5e3 Results and discussion
The yield of each species mixture, according to fertiliser treatment,
is shown in Figure 18 where productivity is expressed on a dry weight
basis, the vegetation having been oven-dried for fourteen days at 50°C.
The yields of each species mixture were subjected to an analysis of
variance (Appendix B), which shows that there was no overall increase
in productivity for either species mixture at either harvest due to
the application of micronutrients (p>0.05). Furthermore, there was
no significant interaction between micronutrients and the source of
macronutrients. These observations suggest that the trace element
status of fluorspar tailings is not a factor limiting growth.
Yields varied considerably according to the source of macronutrients.
Productivity was consistently higher where sewage sludge was applied,
this distinction being more apparent in the second harvest than in the
first. In general this is attributable to the higher yields from the
second harvest where sewage sludge was added, rather than to a marked
regression of the swards supplied with chemical fertilisers. However,
where sulphur-coated urea was applied alone or together with magnesium
ammonium phosphate, yields were considerably lowerat the second harvest
7.5 Effect of micronutrients
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compared with the first.
Where sulphur-coated urea was applied, yields were higher than
those from either magnesium ammonium phosphate or granular inorganic
fertiliser but only at the first harvest. The vigorous regrowth of
the clover-dominated swards established on plots treated with magnesium
ammonium phosphate, produced a similar overall yield at each harvest
for both Spesied maturess: There was a marked decline in yields and
little evidence of regrowth after the second harvest where clover
failed to establish satisfactorily; this was most noticeable on plots
treated with sulphur-coated urea. Toa lesser extent yields also
declined between harvests where nitrogen and phosphorus were applied
as granular compound fertiliser (NPK (1) - Table 24A). However, based
upon subjective visual assessments, no further deterioration of the
sward was apparent beyond the second harvest. A gradual regression
was observed consistently where legumes were absent, the exceptions
being plots which were sown to species mixture I and treated with
sewage sludge; this is attributable to the slow-release of inorganic
nitrogen from organic complexes so that within the monitoring period
growth was largely independent of nitrogen fixed by leguminous species.
Where nitrogen and phosphorus were applied in slow release form,
yields were higher than those obtained with the granular, compound
fertiliser treatments. This again suggests that the application of
nutrients in slow release form helps to combat the leaching and
volatilisation losses of nitrogen indicated by other field trials
(7.2 - 7.4). However, while the sulphur-coated urea/magnesium
ammonium phosphate, sulphur coated urea and standard fertiliser
treatments all resulted in a low proportion of clover in the first
harvest, it was abundant in the regrowth of swards treated with




















YIELDS OF SPECIES MIXTURES I and II (MICRONUTRIENT TRIAL)
Species mixture 1 (Harvest 1)
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NPK 1 - ICI.No.5 (50kg/ha N,P,0,,K,0)
NPK 2 - ICI.No.5 (25kg/ha N,P295 K,0)
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period after sowing distinguished clearly between the treatments,
Clover seedlings were abundant on plots treated with compound fertiliser
but germination was inhibited on the sulphur-coated urea treated plots.
This may have been caused by the release of gaseous ammonia from the
sulphur-coated urea, particularly in view of the pattern of nitrogen
release from Gold-N (7.2.3) and the reported adverse effects of some
ammonium-based nitrogen fertilisers upon clover establishment (Bradshaw
et al., 1975). Where compound fertiliser was applied (treatments NPK
(1) and NPK (2) ), clover only contributed significantly to yields
from the second harvest despite the large number of seedlings which
were evident three weeks after sowing.
7.6 Fixation of atmospheric nitrogen by legumes
726.1 The importance of legumes
Recent studies have emphasised the importance of legumes in the
revegetation of land damaged by industrial activity and the deposition
of waste materials. Bradshaw et al. (1975) found that where legumes
failed to establish on the nutrient-deficient sand wastes of the china
clay industry, developing swards regressed within four months of
seeding even if nitrogen fertiliser was applied initially. After
further applications of nitrogen growth resumed temporarily, but
eventually ceased due to leaching of ammonium- and nitrate-nitrogen
in drainage waters. These nutrient losses were enhanced by the low
organic matter content and cation exchange capacity of the waste. It
was found however, that where conditions favouredgrowth of legumes,
further applications of nitrogen were unnecessary if appropriate
management techniques were employed to maintain a balance between
grasses and clover in the sward.
Studies of colliery spoil (Gemmell, 1973a; Jon&S, 1973; Ruffner
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& Steiner, 1973), blast oe slag (Gemmell, 1975) and other
nutrient-deficient industrial and urban wastes (Gemmell, 1973b) have
consistently shown that their low nitrogen status is one of the major
factors limiting the development of a permanent vegetation cover.
The accumulation of nitrogen by legumes was therefore considered
an important aspect of revegetating fluorspar tailings, especially
in view of the fate of ammonium- and nitrate-nitrogen applied directly
to tailings as inorganic fertiliser (7.2). For most experimental work
legume seeds were routinely inoculated with the appropriate bacteria
of the genus Rhizobium. This increases the likelihood of effective
nitrogen fixation by symbiosis. Nevertheless, clover plants naturally
colonising fluorspar tailings in Head Wrightson dam are effectively
nodulated. This suggests either that appropriate Rhizobia for
nodulation of legumes occur naturally in fluorspar tailings, or that
water- or dust-transmitted bacteria are an effective source of inoculum.
The value of artificial inoculation of seed and its effect on
the rate of accumulation of nitrogen were therefore examined using a
commercial variety of white clover (Trifolium repens). Neither factor
wars evaluated during the first series of field trials (7.3 - 7.5),
which concentrated upon the establishment and growth of clover when
subject te competitional stress from other components of a seeds
mixturee
7.6.2 Inoculation technique
Inoculated legume seeds were sown in pelleted form in both field
and glasshouse experiments. A modification of the single-step
inoculation technique proposed by Roughly et al.(1966) was used.
Inoculum, supplied as an agar culture by Rothampsted Experimental
Station, was extracted with water and suspended in a 5% w/w solution
of methyl ethyl cellulose. Seeds were treated with the adhesive
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containing the inoculum and rolled manually in finely-ground (<300-
mesh) calcium carbonate. This separates the seeds and provides an even
protective coating.
Pelleting alleviates the effects upon survival of the inoculum
of delays frequently incurred between inoculation and sowing. The
protective coating also increases the likelihood of successful
nodulation by Ueitexart1 isolating the inoculated seed from any
inorganic fertilisers applied prior to sowing. The inoculated seed
was allowed to harden at room temperature for two hours and then
stored at 5°c before sowing. This single-strain inoculation procedure
was employed for each leguminous species used in the experimental
trials. A different method was used for the revegetation of
fluorspar tailings on a large scale (10.3.2).
726.5 Experimental design
The experiment was designed to investigate the effects of seed
inoculation and fertiliser application on symbiotic fixation of
atmospheric nitrogen by clover. Ten fertiliser treatments were used
including both organic and inorganic. sources of macronutrients. Rates
of fertiliser application are detailed in Table 25. Fertilisers were
applied ten days before sowing each plot with inoculated or untreated
white clover seed (var. Kent wild white) at a rate corresponding to
25kg/ha. Each fertiliser/inoculation treatment combination was
replicated three times within a randomised block design. No surface-
sterilization of untreated seeds was carried out before sowing.
The i trial plots were separated by 75cm wide access paths
and 2m wide inter-block pathways. Both spacings were increased from
those used previously in order to reduce the risk of cross-contamination
by lateral movement of Rhizobia between plots, particularly in surface
TABLE 25
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run-off after heavy rain.
Treatment effects were evaluated by measuring productivity and
by determining the nitrogen content of the vegetation. At the end of
the first growing season, six months after sowing, all plots were
harvested 2cm above ground level and the herbage was oven-dried at
35°C for fourteen dayse A second.harvest, which was restricted to
plots treated with Superphosphate only, was taken after a further |
twelve months.
Representative sub-samples, varying in weight according to the
overall yield, were washed and oven-dried separately for nitrogen
analysis. Root cores were extracted from each plot and the size, number
and location of nodules on the root systems recorded. Five cores of
stubble, roots and tailings were taken from each plot to a depth of
20cm using a soil corer (5.7cm i.d.). Stolons were separated from roots
and both were washed and dried. Tailings were separated by dry sieving
(1 mm) and air-dried for five days. All samples (tailings, stolons,
roots and leaves) were finely-ground (0.2mm) and analysed for nitrogen
using a semi-micro Kjeldahl procedure (6.3.2).
726.4 Results and discussion
The above-ground yields from the first and only complete harvest
distinguish clearly between most of the fertiliser treatments
(Figure 19). An analysis of variance carried out on logarithmically-
transformed data (log. ) shows that in most cases yields from the
organic amendments were significantly greater than from the inorganic
fertilisers, and that yields from all the fertiliser treatments were
significantly different (p<0.05) from the untreated control plots
(Appendix B). There is no overall distinction between inoculated and un-
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A - None (control) F - NP (50kg/ha N + 200kg/ha P,0,)
B - P (100kg/ha P,0,) G - NP (100kg/ha N + 200kg/ha P,0,)
C - P (200kg/ha PA0,) H - NP (50kg/ha N + 200kg/ha P,0, + micronutrients)
D-P (400kg/ha P05) I - Sewage sludge
E - P (600kg/ha P40.) J - Farmyard manure
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”
the fertiliser and inoculation treatments (Appendix B). This is
related to the increased productivity for the control and N (400)
P305(200) fertiliser treatments where the clover seed was inoculated
prior to sowings
Analytical data for the total nitrogen content of the plant
tissues and tailings reveal an effect of inoculation which was not
evident on the basis of yield (Figure 20). The distinction between
inoculation treatments applied mainly to the superphosphate treated
plots where 69-91 kg N/ha were accumulated within six months from
inoculated seed compared with 52-72 kg N/ha from untreated seed. The
differences in nitrogen fixation rates are shown in the nitrogen
contents of the leaf and stolon tissues (Appendix B). Concentrations
in plants established from inoculated seed (1.4 - 1.8% (leaves) and
1.2 - 1.6 (stolons) ) were notably higher than from untreated seed
(1.0 - 1.2% (leaves) and 0.9 - 1.1% (stolons) ). Nevertheless,
surprisingly large quantities of nitrogen were accumulated on plots
sown with untreated seed. The number of root nodules distinguished
between individuals developed from inoculated (21 - 58 per plant) and
untreated (14-353 per plant) seed but most plants were effectively
nodulated irrespective of the inoculation treatment.
From the results of an ancillary experiment described subsequently,
this can be attributed to the presence of a natural source of inoculum
on the seed itself, It is also probable that cross-contamination due
to the lateral movement of Rhizobia from adjacent plots was a
contributory factor. Despite precautions taken to avoid this potential
problem, there was evidence of surface erosion and accretion of tailings
around established plants.
These sources of inoculum may also explain the results obtained
at the end of the second growing season. At this stage there was no
longer a distinction between inoculation treatments based upon the
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FIGURE 30
NITROGEN YIELDS (NITROGEN PIXATION TRIAL)
PLANTS (leaves + stolons + roots)
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nitrogen content of the tsabe tissues. Rates of nitrogen fixation
during the second season were similar for both inoculation treatments
and the within-treatment variation (108-164 kg N/ha (inoculated) and
112-172 kg N/ha (untreated) ) only reflects differences in productivity
according to the rate of superphosphate applied. The general increase
in the total amounts of nitrogen accumulated during the second season
compared to the first is also maaetad to the higher yields which
resulted from the longer time interval between harvests (12 months).
Regardless of inoculation treatment, fixation rates averaged
over both growing seasons were 82-129 kg N/ha/season on the super-
phosphate-treated plots. Values for the second season represent the
total nitrogen accumulated by fixation over a complete twelve month
period and compare favourably with the 100-200 kg N/ha/annum reported
by Stewart (1966) and Date (1970) for clover cultivars in agricultural
situations.
The greater proportion (62-88%) of the total nitrogen yield
(plants and tailings combined) was distributed between the various
plant tissues, particularly the stolons which contained 30-57% of the
total. Although the tailings contained a iw proportion of the
nitrogen yield, 17-33 kg N/ha were present in the substrate at the end
of the first growing season where no inorganic nitrogen was applied
initially. Consequently, even over this relatively short period of
time (6 months), the nitrogen status of the tailings was enhanced
considerably.
In view of the unexpected nodulation of plants established from
untreated seed, a detailed study of Bis effects of applied nitrogen
fertilisers upon fixation could not be carried out. The relative
contributions of applied- and fixed nitrogen to the total nitrogen yield
could not be determined for either the organic or the combined inorganic
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(nitrogen and phosphorus) fertiliser treatments. Despite this limitation,
fixation clearly contributed a significant proportion of the total
nitrogen accumulated on plots treated with inorganic nitrogen and
phosphorus, because nitrogen yields varied between 65 and 83 kg N/ha
where only 50 kg N/ha were applied as fertiliser.
Where inorganic nitrogen and phosphorus were applied together,
there was no overall distinction between inoculation treatments in
terms of the nitrogen content of the vegetation. Variations in the.
total plant nitrogen yield mainly reflect differences in the total
dry matter produced. A difference between inoculation treatments was
apparent only for the N(499)?295(200) fertiliser combination. In this
case plants established from untreated seed were almost devoid of
effective nodules, possibly because of the greater susceptibility of
the unprotected natural inoculum on the seed to the adverse effects
of the nitrogen fertiliser. Measurements of nitrogen yield and plant
productivity were taken only at the end of the first growing season
but the inhibitory effect on nodulation was apparently short-lived.
Growth and nodulation were visibly enhanced beyond the first harvest.
The transient nature of this effect may have been due to the influence
upon nodulation of several factors including leaching, uptake of the
applied nitrogen by plants and lateral movement of Rhizobia from
adjacent plots.
Where an organic amendment was applied, plant nitrogen yields
at the end of the first season (90 - 254 kg N/ha) were higher than
all the values for the inorganic fertiliser treatments. Only 50 kg
N/ha were applied initially so the nitrogen yields from plants and
tailings combined (141-331 kg N/ha) show that fixed nitrogen comprised
the major proportion of the total nitrogen yield after six months growth.
This is consistent with estimates of the number and distribution of
7.6 Nitrogen fixation
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nodules at the end of the first season. Regardless of inoculation
treatment, large numbers of effective nodules (25-70 per plant and
2-6 mm in length) were present, principally around the crown of the
main root and on the first-formed lateral roots. Nodulation was not
however restricted to the surface layers of tailings into which the
organic matter was incorporated.
The high plant nitrogen yields are only partly related to the
high overall productivity, for the nitrogen concentrations in leaves,
stolons and roots of plants established on sewage sludge or farmyard
manure were consistently higher than for the inorganic fertiliser
treatments (Appendix B). The effects of inoculation treatment could
not be distinguished for either organic amendment based upon measurements
of plant yield, nitrogen content of the plant tissues or total nitrogen
yield. This is partly due to the presence of the appropriate Rhizobia
in the organic matter, for plants established from surface-sterilized
seed under glasshouse conditions, were effectively nodulated when
sewage sludge or farmyard manure was incorporated into the tailings.
The results of a supplementary field experiment established that such
nodulation cannot be attributed to Rhizobia occurring naturally in
fluorspar tailings.
In this additional experiment, several isolated plots were sown
with surface-sterilized or untreated clover seed. Sterilization was
effected by successive immersions in 95% ethyl alcohol and 1% w/v
mercuric chloride, the residues of which were removed prior to sowing
by washing with double-distilled water. All plots were treated with
superphosphate at a rate equivalent to 100 or 200 kg/ha P5056 The
root systems of twenty-five randomly selected plants from each plot
were examined at 2, 4, 8 and 16-week intervals after sowing.
7.6 Nitrogen fixation
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Effective nodules were consistently present on plants established
from untreated seed but were absent from those developed from surface-
sterilized seed. This indicates that the appropriate Rhizobia are
absent from the tailings in their natural state or that the indigenous
population is insufficient to induce nodulation. These observations
also suggest that neither the influx of Rhizobia from extraneous
sources nor the superphosphate fertiliser was responsible for the
satsifactory nodulation of plants established from untreated seed in
the main experiment. This nodulation can probably be attributed to
the combined effects of bacteria associated with the seed and the
transference of Rhizobia from adjacent plots through the action of
wind and water.
Because of the effectiveness of Rhizobia naturally associated
with clover seed, neither field trial provided conclusive evidence of
the need for artificial inoculation. However, the natural inoculum is
greatly exposed to the influence of applied fertilisers which can be
detrimental to the survival and multiplication of the bacteria. The
inoculum may therefore be less reliable than that associated with
artificially pelleted seed where the greater density of root nodule
bacteria and the initially protected environment may be advantageous.
Despite the tendency for clover to accumulate lead, zinc and
fluoride to high concentrations compared with many other species (Tables
8A and 22), there was no evidence of a severe repression of nitrogen
fixation caused by the heavy metal or fluoride content of the substrate.
This is based upon the results of a short-term investigation but evidence
for long-term success is provided by the vigorous growth of nodulated
legumes naturally colonising the long-since disused Head Wrightson dam.
In this case, effective legume nodulation can be attributed to the
longer period of inactivity of the dam and to its more favourable location
relative to surface drainage from adjacent agricultural land,
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7-7 Conclusions
These experimental field trials confirm the results of bioassay
experiments andesmteat: analysis which showed that tailings from 1
and 2 dam are deficient in nitrogen and phosphorus. Application of
these nutrients improved yields significantly but losses of nitrogen
by volatilisation and leaching suggested that successful establishment
of legumes would be essential for the development of a permanent
low-maintenance sward. Although an effective and visually attractive
ground cover can be achieved solely by applying high rates of nitrogen
and phosphorus at seeding, swards deteriorate and growth eventually
ceases where legumes fail to establish. Successful establishment and
growth of legumes are influenced by the species composition of the
seed mixture sown, the rate and type of fertiliser added and the form
in which nutrients are applied.
Losses of nutrients by leaching are reduced where equivalent rates
of nitrogen and phosphorus are applied in slow-release form rather
than as standard, compound fertiliser. In this context organic
amendments such as sewage sludge are particularly useful, for they
allow both rapid initial growth and successful establishment of clover.
In spite of the lead, zinc and fluoride contents of the tailings, rates
of nitrogen fixation by white clover grown in isolation from other
species compare favourably with values reported for agricultural
Situations.
The low phytotoxicity of modern tailings is borne out by the
absence of any marked difference in the performance of normal and
metal tolerant populations of grasses in terms of yield. Concentrations
of lead and zinc in the shoots of tolerant populations are lower than
in normal populations, but under field conditions the metal and
fluoride levels in vegetation are generally higher than the values
recorded in glasshouse experiments. This has important implications for
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the ultimate use and management of revegetated fluorspar tailings
dams because it adversely affects the agricultural potential and
grazing value of the established swarde
CHAPTER 8
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CHAPTER 8 - ESTABLISHMENT AND GROWTH OF TREES AND SHRUBS
8.1 Introduction
The accumulation of lead and zinc by plants naturally colonising
or introduced on to metal-contaminated mine or smelter waste is widely
recognised (Shimwell & Laurie, 1972; Street & Goodman, 1967). The
agricultural potential of a sward established on such waste is restricted
by the metal content of the vegetation and also by particulate matter
adhering to the leaf surfaces. This also applies to swards established
on disused fluorspar tailings dams where the high concentrations of
lead, zinc and fluoride preclude intensive grazing as a management
policy. Consequently, revegetation techniques for metalliferous wastes
are usually directed towards an amenity or recreational afteruse.
In this context the visual impact of a disused tailings dam upon
the surrounding countryside is particularly important. Restoration
work needs to minimise the contrast between the tailings dam and
surrounding limestone grassland and woodland areas. A sward, whether
highly productive or low-maintenance, would be unable to meet this
objective alone so the establishment and growth of trees and shrubs
in tailings was investigated.
The use of trees and shrubs in revegetation trials on heavy
metal contaminated waste in Great Britain has met with varying degrees
of success. Smith and Bradshaw (1972) reported a general absence of
trees from the natural flora of metalliferous mine spoil and a poor
survival and severe retardation of growth of Pinus sylvestrisL. (scots
pine), Pseudotsuga douglasii (Lindl.) Carr. (douglas fir) and other
species grown experimentally on lead/zinc mine waste. They concluded
that economic afforestation of metalliferous mine waste is not possible
but that the provision of a visually acceptable screening cover might
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be feasible if appropriate nutrients are applied (Smith, 1973).
In the Lower Swansea Valley, extensive trials on abandoned
non-ferrous smelter waste included experimental areas planted with
a wide range of shrub and tree species. Trees were planted either
into shallow pockets and trenches filled with an organic amendment
to which lime and inorganic fertilisers were added, or directly into
organic amendnanits which were applied to, or incorporated within, the
surface layers of waste (Weston et al., 1965). Despite the hostile
environments only 10% of the total number of trees planted in the trials
failed to establish (Street & Goodman, 1967). Subsequent development
suggested that cultivation of the surface of the toxic substrate was
unnecessary since growth was satisfactory where the organic amendment
was applied as a surface treatment. These assessments were made only
two or three seasons after planting but subsequent losses have been
minimal (Gemmell, 1976; pers. comm.).
Several experiments have been carried out by the Forestry
Commission on metalliferous mine spoil (Pb/Zn) in the Peak pistoue:
Trees were planted in (25-50cm)? pockets filled with topsoil, peat or
an organic manure. Initial establishment and growth were satisfactory
but, after 2-3 years, growth was severely retarded and ultimately
ceased due to loss of support from the pocket medium. Surface
amelioration alone, using an organic amendment (e.g. sewage sludge)
spread to a depth of 10-20cm, has also proved unsatisfactory.
However, subsoil or innocuous waste materials (e.g. limestone quarry
waste) applied as a surface treatment two metres in depth (Gemmell,
1974») , have proved more successful especially where shrubs and shallow
rooting trees were planted.
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Contrary to expectation, the natural flora of Glebe dam includes
Acer pseudoplatanus Le (Table 5), but there is high seedling mortality
as well as severe stunting and chlorosis of established plants.
Furthermore, Head Wrightson dam is colonised by Crataegus mono ;
Fraxinus excelsior and Sorbus aucuparia, none of which exhibits any
visual evidence of metal toxicity or nutrient deficiency. in view
of these observations, and the relatively innocuous nature of the
tailings in 1 & 2 dam, various experiments with trees and shrubs were
carried out to examine planting methods and species suitability.
The species selected and planting techniques employed were
determined mainly by the physical and chemical properties of the
tailings, the species composition of woodland in the vicinity of the
dam and the need to consolidate and stabilise the tailings and the
retaining perimeter walls.
8.2 Natural woodland
A considerable proportion of the land in the immediate vicinity
of 2 & 2 tailings dam is agricultural permanent pasture, but adjacent
ungrazed land exhibits a diverse flora which includes several tree
and shrub species. The most common tree and shrub species on the
calcareous, low-nutrient status soils of these unmanaged areas are
hawthorn (Crataegus monogyna), hazel (Corylus avellana L.) and ash
(Fraxinus excelsior L.) which occur together with blackthorn (Prunus
spinosa L. ), dogwood (Cornus sanguinea L.), guelder rose (Viburnum
opulus L.) and dogrose (Rosa canina Le). Ash woodland, the climax of
the succession, is well represented particularly in the low-lying
areas (< 245m) bordering neighbouring limestone quarries (Figure 21).
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A = Ash (Fraxinus excelsior) & Woodland
- Beech (Fagus sylvatica)
Bi - Silver birch (Betula pendula)
 
 
Scrub and scattered trees
E - Wych elm (Ulmusglabra)
H - Hawthorn (Cretaegusmonogyns)
Ha- Hazel (Corylusavellana)
© - Common oak (Quercus robur)
P - Scots pine (Pinus sylvestris), corsican pine (Pinus igralericio)
R - Rowan (Sorbus aucuparia)
S - Sycamore (Acer pseudoplatanus)
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At higher altitudes (245-335m), beech (Fagus eyivatica L.), wych
elm (Ulmus glabra Huds.), naturalised sycamore (Acer pseudoplatanus)
and rowan (Sorbus aucuparia) are the dominant species. Sycamore, in
particular, is widely distributed throughout the area on the shallow,
alkaline soils and limestone screes and to a lesser extent on the
acid, podzolic soils associated with natural outcrops of sandstones
and grits of the Millstone Grit Series (1.2.1). Silver birch (Betula
pendula Roth.), common oak (Quercus robur Le) and sessile oak (Quercus
petraea (Mettuschka) Liebl.) are found on the latter soils together
with european larch (Larix decidua Mill.), scots pine (Pinus sylvestris)
and corsican pine (Pinus nigra laricio (Poir) Palibin.). Other species,
including gorse (Ulex europaeus Lo), heather (Calluna wulgaris (L.) Hull.)
and goat willow (Salix caprea L.),are widely distributed throughout




In this trial, initiated in February 1973, twenty-three tree
and shrub species (Table 26) were planted directly into fluorspar
tailings. The two year-old planting stock had been grown in a
nursery for one year and was transplanted into tailings after a further
year's growth in normal soil (1+1).
Trees were planted in (30cm)? pits which were backfilled with
tailings, the nutrient status of which was amended by application of
slow-release nitrogen (Gold-N) and phosphate (Enmag) fertilisers.
Small planting pockets were used so that roots could extend well-beyond
the pockets, into unamended tailings within the three-year period of
monitoring. Fertilisers were thoroughly mixed into the excavated
8.3 Species trial
219
tailings before the pits were backfilled, so that direct contact
with the exposed root systems was minimised. The rate of application
was equivalent to 8gm N and 7gm P per tree, (20gm Gold-N and 30gm2°5
Enmag per pit). Nitrogen and phosphorus were also applied as a
maintenance treatment (4gm N, 3gm P per tree) in February/March2°5
1974 and 1975.
Replication va restricted to six individuals of each species
which were planted at 60cm intervals in a completely randomised
experimental design. Because of the altitude and exposed nature of
the site, all the trees were supported by stakes. Competitive effects
from weeds, which reacted to the improved nutrient status by establishing
naturally around the base of the trees, were minimised by controlled
applications of paraquat ('Gramoxone-W') and chlorthiamid ('Prefix')
herbicides,
Subjective visual assessments and quantitative measurements were
used to evaluate growth. A visual growth index (Table 26) gave an
overall assessment of performance and amenity value, while growth
increments of the leading shoots were measured at the end of each
growing season to estimate growth rate.
A high rate of failure (78%) was experienced during establishment.
Monitoring was therefore discontinued within six months of planting
whereupon all the trees, including survivors, were removed and
replaced in November 1973. Using the same specification, further
trials were set out in March 1974 and May 1974 to determine the success
in establishment according to the season of transplanting,
8.3.2 Results and discussion
' In the trial set out in February 1973, only Acer pseudoplatanus,
Salix daphnoides Vill., Sorbus aucupacia and Fraxinus excelsior
transplanted successfully. All these species had well-developed root





Acer campestre (Field maple)
Acer pseudoplatanus (Sycamore)
Alnus glutinosa (Common alder)
Alnus incana (Grey alder)
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Quercus rubra (Red oak)
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Prunus cerasifera (Cherry plum)
Salix caprea (Sal low)
Salix daphnoides (Violet willow)
Salix viminalis (Common osier)
Sambucus nigra (Elder)
Viburnum lanata (Wayfaring tree)
Viburnum opulus (Guelder rose)
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Mean visual growth index
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systems initially. Selstat of the species which failed, including
Betula pendula, Quercus robur and Prunus cerasiferaEhrh., also
failed when transplanted into excavated pits filled with soil or
organic matter (8.4). This suggests that the physical and chemical
properties of the tailings were not entirely responsible for the
establishment failure. The root systems of many species were poorly
developed and the low percentage vivax may have been due partly
to dessication of the roots during transplanting.
Successful establishment and initial growth depend upon
satisfactory root development of the planting stock and poorly
developed roots are a frequent cause of failure (Street & Goodman,
1967). Frost damage incurred during the fourteen day period
immediately after transplanting, together with the drying-out of the
surface caused by high winds, may have contributed further to the low
rate of establishment. It was noticeable that the four most successful
species also showed a low failure rate and rapid initial growth when
planted in amendment materials (8.4).
An overall improvement in establishment was shown by the identical
trials initiated in November 1973 and March 1974. The trial which
commenced in late-autumn showed a 74% success in establishment
compared with 59% when transplanting was carried out in early-spring
(Table 26). Neither trial suffered further losses after the initial
establishment period. In both cases the risk of dessication was
minimised by planting as soon as possible after lifting the stock
from the nursery; where delays were unavoidable, trees were heeled
temporarily into a peat/sand (3:1) ee Trees planted in late-
spring (May 1974) suffered severe losses so that only 10% established
successfully.
Considerable differences were apparent between species in
their ability to withstand transplanting. Acer pseudoplatanus and
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Salix daphnoides were consistently successful for no losses were
recorded irrespective of the transplanting season. Several other
species including Sorbus aucuparia, Corylus avellana, Alnus glutinosa
(L.) Gaertn., Salix viminalis L. and Crataegus monogyna suffered few
losses at establishment when transplanted in late autumn or early
spring. Conversely, Larix decidua Mill. and Betula pendula failed
to transplant successfully and subsequent growth of the few
individuals which became established was severely retarded.
The growth increments of the leading shoots, which were recorded
at the end of the first and second growing seasons, showed that some
growth occurred during the first year after transplanting (Table 26).
However, most species showed a marked improvement in growth during
the following year when they had overcome the effects of transplanting
and were fully established. Salix caprea, Salix daphnoides and
Salix viminalis grew rapidly even during the first year whereas
several species including Acer campestre Le, Quercus robur, Cornus
sanguinea and Viburnum opulus showed minimal development evenafter
two years. Most other species, Acer pseudoplatanus, Sorbus aucuparia
and Sorbus aria (L.), Crantz. in particular, grew satisfactorily.
An examination of the root systems of trees removed from the
tailings in November 1975, gave no indication of surface rooting
or retarded root development, both of which have been reported on
industrial waste containing toxic levels of zinc and aluminium
(Harabin & Grezta, 1973). Roots had penetrated well beyond the
original planting pockets, but extension growth measurements and
subjective visual assessments (Table 26) do not indicate a decline
in growth rate or overall performance. A prolific development of
lateral roots was noticeable but this was not accompanied by
deformation of the roots or by other morphological changes which are
often associated with phytotoxic compounds. Similarly, there were
8.3 Species trial
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no foliar symptoms of nutrient deficiency or toxic effects, although
physical damage attributable to high winds and storm conditions was
shown by some species, particularly Acer pseudoplatanus.
Because of the limited timespan over which observations were
made, attention was also given to a preliminary trial initiated by
Laporte Industries in April 1972 in which the species listed in
Table 26 were pinnked directly into tailings. Nitrogen and phosphorus
were applied in slow-release form (John Innes Base) at transplanting.
Species which failed to establish include Larix decidua, Quercus -
robur and Fagus sylvatica but only two individuals of each species
were planted, After four growing seasons (Apr 1972 - Nov 1975), there
is no indication of any deterioration in the growth of those species
which became established. The most successful species are Acer
eudoplatanus, Alnus glutinosa, Crataegus mono » Salix daphnoides
and Sorbus aucuparia.
8.4 Pocket planting trial
8.4.1 Experimental design
In this trial, initiated in February 1973, several tree and
shrub species were planted into excavated pockets which were filled
with different amendment materials. This technique was considered more
suitable than planting into amendments applied to the surface of the
tailings, because of the exposed nature of the site and the need for
maximum stability and rapid establishment. Planting was carried out
immediately before the initiation of the species trial (8.3). Ten
of the twenty-three trees and shrubs used in the species trial were
selected for the pocket planting experiment. These were separated
according to their frequency in the surrounding countryside and their
ability to withstand exposure and nutrient-deficient, heavy soils.
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Species separated on this ie were Acer pseudoplatanus, Alnus
lutinosa, Corylus avellana, Crataegus monogyna, Fraxinus excelsior,
Quercus robur, Salix daphnoides and Sorbus aucuparia. Prunus
cerasifera was planted as a substitute for Prunus spinosa. Betula
: pendula was also used, because of its widespread distribution on
calcareous spoil heaps containing fluorspar and barytes.
Five different planting treatments were used. Transplants
were placed in (30cm)? pockets which were backfilled with tailings
or filled with an organic amendment, topsoil or peat and sand. The
topsoil consisted of surface layers (0-50cm) of overburden associated
with opencast mineral workings (1.3). The chemical composition of
two of the organic amendments (sewage sludge and farmyard manure), was
similar to that described previously (Table 21A). Granular sedge peat
mixed with a gravelly, coarse-sand (3:1 v/v) comprised the third
organically-based rooting substrate.
Trees planted in tailings, topsoil or peat and sand received
additional nutrients (8gm N and 7gm P per tree), in slow-release2°5
form at planting. Fertilisers were thoroughly mixed into the rooting
medium before feneplantine. Nitrogen and phosphorus were also
applied as a maintenance treatment (4gm N and 3gm Po05)4 in March
1974 and 1975. Trees planted in sewage sludge or farmyard manure received
no supplementary addition of fertiliser and were therefore dependent
on the inherent fertility of the organic substrates for essential
nutrients.
The planting intervals, experimental design and replication of
each Sabckiteeeae combination were as specified for the previous
trial (8.3). Similar techniques were also employed to pinimise
physical damage and weed growth, the latter being controlled by
bi-monthly applications of paraquat (750gm a.i./ha) using a low
pressure, non-drift nozzle to avoid contact with the foilage.
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Between February 1973 and November 1975, overall performance was
assessed by a series of qualitative measurements (visual growth index)
and by measuring annual increments in overall height, trunk circumference
and sideshoot length. Measurements of circumference were taken
5-10cm above ground level at a point indicated by an indelible girth
mark which was applied immediately after transplanting. Increases
in sideshoot length were recorded as the combined growth increments
of between three and five lateral shoots selected systematically from
the highest point of the transplant. Measurements were taken to the
base of the terminal bud from the girdle scar or a suitable reference
point. Although a high rate of failure in establishment was recorded
for some species, no replacement planting was carried out.
8.4.2 Results and discussion
Several species showed a high rate of failure in establishment
irrespective of the planting substrate. Betula pendula, Quercus robur
and Prunus cerasifera were:especially unsuccessful for less than 10%
of the total number transplanted became established (Table 27). However,
survival of Corylus avellana, Crataegus monogyna and to a lesser extent
Alnus glutinosa, was improved considerably by planting into organic
amendments rather than topsoil or directly into tailings. Establishment
in the topsoil and direct planting treatments was similar to that
recorded for the first of the species trials (February 1973).
The physical properties and water-holding capacity of organic
substrates may therefore afford a degree of protection against frost
damage and dessication of root systems. The overall degree of success
in establishment may have been determined by a combination of factors
including root development of the planting stock, the interval between
lifting and transplanting and the final planting treatment.
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8.4 Pocket planting trial 22°
species which were most successful once established. Salix daphnoides,
Acer pseudoplatanus and Alnus glutinosa established readily and grew
well in most substrates even in the year of transplanting. Corylus
avellana and Fraxinus excelsior were less successful for they both
established readily but failed to make any substantial growth and
development over a three year period.
Height, at and sideshoot increments for the four species which
showed the lowest rates of failure in establishment were examined by
analysis of variance (Appendix B). The results show that the
distinction between planting substrates was most clear in the extension
growth measurements of the sideshoots and in overall height rather
than in girth increments. The differentiation between planting
treatments is represented diagramatically in Figure 22A, 22B and 22C,
for the seven species which transplanted successfully.
While sewage sludge was generally superior in terms of growth,
there were marked differences between species in their response to
the planting media. For several species, notably Fraxinus excelsior
and Salix daphnoides, the growth rate was greater in sewage sludge
than in the other four treatments; but the rate of growth failed to
differentiate clearly between the latter. Alnus glutinosa, and to
a lesser extent Crataegus monogyna, were more successful in the three
organic amendments than in the topsoil and direct planting treatments.
Alnus glutinosa and Salix daphnoides (Plate 8A) were particularly
successful overall and to some extent this may reflect the penetration
of roots into deeper layers of tailings, where the adaptation of
A. glutinosa and Salix spp. to waterlogged conditions (Gill & Bradshaw,
1971) may be advantageous. Root nodule development on A. glutinosa
was extensive so that growth of this species was also relatively
    
 
FIGURE 22A






* — Mean of 6 replicates
A - February 1973 - November 1973
B - November 1973 - November 1974
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FIGURE 22C
GROWTH OF Acer pse' latanus, Corylus avellana AND Crat
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independent of the Pitmieonetktus of the tailings.
Root penetration was examined in April 1974 by carefully
inserting a narrow-bore (lcm i.d.) soil corer into the tailings
surrounding the pockets. Despite the partial loss of support from
the planting substrate by the second growing season, no species showed
a significant siiunine in growth rate. Some species (e.g. Acer
pseudoplatanus) actually showed a qapeea improvement in growth during
the second and third seasons when they had overcome the effects of
transplanting and were completely established.
A further examination of root growth was made in August/September
1975. There was no visual evidence of restricted root development
beyond the planting pockets nor was there any indication of limited
penetration, for the roots of some species (e.g. Acer pseudoplatanus
and Salix daphnoides) had extended well into the deeper layers of
tailings (>1.0m depth). Symptoms of heavy metal toxicity, fluoride
toxicity and deficiencies of macronutrients were not apparent (see
Plate 8B) but it is probable that other limitations; which are relate
d
to the physical characteristics of tailings and the extreme climatic
conditions at the site, had a considerable influence upon growth of
the trees and shrubs.
Physical damage to the trees caused by strong winds was
intensified by the location, altitude and topography of the tailings
dam. The moisture content of the surface tailings (O-20cm) varied
considerably, particularly in the spring/summer months of 1974 and
1975. This is reflected in the low total precipitational input of
water and in the atypical distribution of rainfall during these
periods (Figure 23A). Tree roots were often. subject to two extremes
of water stress concurrently, for the exposed surface tailings dried
out and contracted while deeper layers remained waterlogged.
particularly in areas dominated by fine tailings. Furthermore,
232
FIGURE 23A
CLIMATIC DATA FOR EYAM DURING SPRING/SUMMER MONTHS OF 1974 AND 1975 (NET WATER BALANCE)
1950 - 1964
1974 1975 (mean values)
* e Net balance Net balance Net balance
Month R T (R-T) R T (R-T) R T (R-T)
APRIL 0.5 (3) 1.9 -1.4 2.3 (14) 1.9 +0.4 3.7 (19.2) 1.9 +1.8
MAY 1.2 (11) 2.9 -1.7 2.3 (8) 2.9 -0.6 2.9 (18.4) 2.9 oO
JUNE 222 we 354 ~1.2 0.5 (5) 3.4 -2.9 3.8 (15.7) 3.4 +0.4
JULY 3.9 (16) 3.4 +0.5 1.9 (15) 3.4 -1.5 4.0 (13.4) 3.4 +0.6
AUGUST 4.3 (14) 2.7 +1.6 2.2 (11) 2.7 -0.5 4.1 (17.3) a7 +1.4
SEPTEMBER 4.7 (23) 1.6 +3.1 2.4 (17) 1.6 +0.8 4.1 (18.6) 1.6 +2.5
Total (APR-SEPT) 16.8 (78) 15.9 +0.9 11.6 (70) 15.9 4.3 22.6 (102.6) 15.9 +6.7
* Monthly rainfall values in inches. Number of days on which rainfall was recorded in parentheses.
e Average monthly values (inches) for potential transpiration calculated from the county averages
for 1950-1964 (MAFF, 1967) and corrected for the height of the tailings dam above average county
level (1020' - 640' = 380' amsl.)
FIGURE 23B
CLIMATIC DATA FOR EYAM DURING SPRING/SUMMER MONTHS OF 1974 AND_1975 (AIR




Minimum recorded Grass minimum Minimum recorded Grass min
imum Minimum recorded Grass minimum,
Month air temperature (°C) temperature (C) air temperature (°c) te
mperature (°C) air temperature (C) temperature ("c)
a
APRIL -3.1 (23) -0.7 (5) -4.7 (10) -
4.0 (7) ~6.1 (6.6) -4.7 (4.5)
MAY “1,7 '(3) 0.0 (0) -1,6 (3) -0.3 (1)
=2.3 (2.5) ~0.5 (0.8)
JUNE 2.5 (0) 4.6 (0) -0.5 (3) 1.0 (0)
-0.3 (0.1) 0.0 (0)
JULY 5.7 (0) 6.8 (0) 2.6 (0) 4.2 (0)
2.3 (0) 3.0 (0)
AUGUST 3.6 (0) 4.9 (0) 6.4 (0) 7.5 (0)
1.7 (0) 2.2 (0)
SEPTEMBER ~0.5 (1) 0.8 (0) -1.9 (1) 0.
0 (0) -2.8 (0.7) -0.3 (0.4)
“Number of days during which an air or grass minimum temperatur
e of <0°C was recorded
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Plate 8A
y Salix daphnoides (violet
willow) planted in
sewage sludge. Extension
growth of the leading
shoot for the second year
after transplanting is
indicated by the base marker.









(1 & 2 tailings dam, Sept
1975).
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severe fluctuations in temperature produced adverse conditions for
growth even during May/June when air- and ground-frosts were recorded
intermittently (Figure 23B).
8.5 Conclusions
Despite the adverse physical and chemical characteristics
of fluorspar taitings, several species including Acer pseudoplatanus,
Alnus glutinosa and Salix da hnoides, make satisfactory growth and
development once they are established. The rate of growth is probably
below that which might be expected in normal soils but neither the
foilage nor root systems of established trees and shrubs show symptoms
of heavy metal toxicity, fluoride toxicity or nutrient disorders.
Although in the trial scheme assessments were made only within a 2-3
year period after planting, there was no noticeable deterioriation
in the rate of growth and overall performance during this time and
further losses were not incurred after the initial establishment phase.
| Planting into organic amendments, sewage sludge air particular,
is beneficial in terms of initial growth and success in establishment.
This response is attributed to the physico-chemical characteristics
of these substrates and is probably associated with the water-retaining
properties and nutrient status of organic matter and with the rate of
release of plant-available nutrients from organic complexes.
The satisfactory growth and overall performance under experimental
conditions suggests that large-scale planting of appropriate trees
and shrubs would enhance the amenity value of the tailings area by
minimising the contrast between the dam, its angular retaining walls
and the surrounding countryside. The species, substrates and overall
planting scheme adopted for a large-scale reinstatement programme
are described subsequently (10.3.3).
CHAPTER 9
DISTRIBUTION AND NATURE OF FLUORIDE IN
PLANTS COLONISING TAILINGS AND METALLIFEROUS
MINE WASTE CONTAINING FLUORSPAR
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CHAPTER 9 - DISTRIBUTION AND NATURE OF FLUORIDE IN PLANTS COLONISING
TAILINGS AND METALLIFEROUS MINE WASTE CONTAINING FLUORSPAR
9.1 Introduction
Species, and even varieties, vary greatly in their susceptibility
to fluoride and in their expression of fluoride injury. Foliar damage
to sensitive species, such as gladiolus (Gladiolus spp.) and leek
(Allium porrum), can occur where tissue concentrations are less than
100ugF/g (NAS, 1971) but none of the species naturally colonising
or introduced onto fluorspar tailings showed any of the symptoms
characteristic of fluoride injury, in spite of the very high concentrations
associated with the leaves (Table 8A). The fluoride is internal (4.4)
so the lack of injury can be ascribed either to the species/populations
being resistant, or to the presence of fluoride compounds which are
biochemically less toxic than the more soluble inorganic fluorides
(e.g. HF, NaF) and organofluorides recognised as potential metabolic
inhibitors (NAS, 1971).
The characteristic symptoms of fluoride injury are associated
mainly with emissions of gaseous fluorides from industrial processes
utilising fluorine-containing minerals. Phytotoxic effects are
attributable to these airborne forms (e.g. HF, Sif) and to soluble
particulate materials (e.g. NaF, AlF) rather than to the relatively
insoluble compounds including calcium and magnesium fluorides.
Soluble fluoride salts added experimentally to soil have been
shown to increase the amount of fluoride taken up by plants (Hansen
et al., 1958), so that the concentration in the foilage exceeds the
normal range of 1-15ugF/g (Thomas & Alther, 1966). However, values
greater than 150ugF/g are unusual where fluoride is derived from the -
soil, even if the fluoride content of the substrate is naturally high
or is artificially increased by the addition of fluorine-bearing
9,1 Introduction
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minerals (NAS, 1971). Furthermore, sparingly-soluble compounds
including calcium fluoride often have little or no effect on fluoride
uptake by vegetation when added to soil (MacIntire et al., 1955;
Hansen et al., 1958). In calcareous substrates, fluorides may even
be fixed as calcium fluoride (Alther, 1%1); usually this renders
them unavailable for uptake by plants
The levels of fluoride in plants growing on fluorspar tailings
(4.4) are in excess of the concentration range expected on the basis
of previous studies, which have suggested that there is often no
relationship between total fluoride in the substrate and that in the
plant (MacIntire et al., 1958). The distribution and nature of the
fluorine compounds in plants was therefore investigated for a range
of fluorspar-contaminated tailings and metalliferous mine wastes from
disused sites throughout the Peak District. The nature of these
fluorine compounds was considered important because concentrations
higher than 1000ugF/g in foliar tissues have not been reported in the
United Kingdom where fluoride has been derived from the substrate.
Furthermore, solubility influences the rate of absorption and the
extent to which fluoride is retained in the skeletal tissues of grazing
livestock.
9.2 Fluoride in vegetation established on fluorspar contaminated
substrates
9.261 Experimental design
Plants and soils were collected from the twelve localities in
the Peak District detailed in Table 28A. All the dams were disused
sites consisting of tailings dominated by particles of fine-sand,
silt and clay dimensions. The fluorspar-contaminated metalliferous
spoils were of relatively coarse texture, reflecting the less intensive
9.2 Fluoride in vegetation 23°?
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grinding of the original sap ores which were worked primarily
for lead.
Ten, 200gm samples were collected from the surface er of spoil
at each locality and the samples from each site were separately
combined to reduce heterogeneity. Particle size distribution was
determined by wet-sieving 250gm sub-samples of spoil through 2mm and
0.2mm nylon screens. The physical composition of the fine fraction
(<.02mm) was determined by the hydrometer method described previously
(3.1.3)
Further samples collected from the rooting zone of established
plants were oven-dried for ten days at 55°C, sieved to 4mm (B.S.4—mesh)
to remove organic debris and large pieces of fluorspar and limestone,
and ground to 150u (B.S.100-mesh) in a micro-hammer mill. Using sample
weights of 1-2gm, the fine material was analysed for total fluoride
by an ashing/alkali fusion technique modified to determine fluoride
potentiometrically (6.3.2.2). Water-soluble fluoride was measured
potentiometrically in saturated paste extracts of mine waste, which
were prepared by the method of Richards (1954) and buffered to pH
5.5 with sodium acetate containing CDTA (4.3.4.3).
Plants associated with these spoil samples were also collected
for analysis. Roots and shoots were separated and surface-washed
with 0.1% v/v Teepol/0.1% w/v ethylene diaminetetra-acetic acid (EDTA)
followed by three rinses in deionised water. For roots of plants
from the coarse metalliferous spoil heaps, this washing procedure was
more effective than that used previously (4.4.2.2). Samples were
brushed and agitated for two minutes in the detergent/EDTA solution
but it was necessary to wash root samples two or three times. Washed
material was examined using a scanning electron microscope to
confirm displacement of surface particulates.
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Fluoride analyses were performed on roots or shoots dried at
50-60°c for three days and ground to <200u; in some cases leaves
were sub-divided into the apical (top 5cm) and remaining portions
which were analysed separately. The fluoride content of senescent
leaf tissue, which was usually separated and discarded before washing,
was also determined for several species. Fluoride was determined
potentiometrically, either in buffered, nitric/perchloric acid digests
of the plant material (4.4.3.3), using sample weights of 250-500mg,
or after ashing and alkali fusion (4.4.3.2). Water-soluble and
ionisable fluoride in vegetation were determined by direct potentiometry
(4.4.3.5 & 4.4.3.6). For the latter fraction, 2M sodium acetate was
substituted for the modified Orion TISAB extractant used previously.
9.2.2 Results and discussion
All the mine wastes contain high levels of fluoride with
concentrations ranging from 88500-184000ugF/g- Fluorspar is a
relatively insoluble fluoromineral (16mg/1 at 18°C) but high
concentrations of water-soluble fluoride (1.1-26.8ugF/ml) were
recorded in saturated paste extracts of the spoils (Table 28A). This
range compares with .O1-.2ugF/ml in most natural waters and 1-7ugF/ml
in water draining from soils naturally rich in apatite or other
fluorine-bearing minerals (NAS,1971).
Higher concentrations of water-soluble fluoride were recorded
for finely-ground fluorspar tailings (6.1-26.8ugF/ml) than for the
comparatively coarse-textured mine spoils (1.1-3.2ugF/ml). Soluble
fluoride concentrations in excess of 30ug F/ml have been reported in
super-saturated solutions in contact with fluorspar tailings (Rudd,
1973), compared with concentrations of 0.8-8ugF/ml where fluorspar
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with which the crude ore wie ground originally may be an important
factor influencing fluoride uptake by plants established on mine
spoil, because this process affects the specific surface area and
solubility of the constituent minerals, The specific surface area
of the fluorominerals may affect plant uptake by determining the rate
of replenishment of fluoride in the soil solution when the concentration
becomes depleted.’ | .
Analysis of tissues of plants from each of the twelve sites
showed consistently that concentrations of fluoride were higher in
plants established on fluorspar tailings than on the coarser mine
wastes (Table 28A), although the total fluoride content of the wastes
did not differentiate clearly between the two groups of spoil. For
several species colonising all or most of the sites, significant
correlations were recorded between water-soluble fluoride and
concentrations in plant shoots (Table 28B), although there was no
relationship between the total fluoride content of the spoils and that
of the associated flora.
Concentrations of fluoride in different parts of the plants
show that levels in the roots were consistently higher than in the
shoots (Table 29); this follows the usual pattern of distribution
(eg. Brennan et al., 1950). Analyses of leaves from five grass species
indicate that concentrations of fluoride were higher in the leaf tips
than in the bases (Table 30). This conforms to the normal pattern
of distribution in monocotyledonous leaves (Jacobson et al., 1966b)
where fluoride is inside the leaf; similar gradients would not be
expected if fluoride was present on the outer surface in particulate
form.
There is considerable variation between species in their
fluoride content suggesting that genetical and physiological differences
may influence the pattern of fluoride accumulation. However, the
TABLE 28B
CORRELATION COEFFICIENTS BETWEEN FLUORIDE IN TAILINGS
AND SHOOTS OF ASSOCIATED PLANTS
mean F content of shoots x
(pe/e) of substrate (pe/e)
‘ALLIFEROUS MINE WASTE
Agrostis tenuis x total F 438
Agrostis tenuis x water soluble F 948
Cerastium fontanum x total F 420
Cerastium fontanum x water soluble F 941
Festuca rubra” x total F 147
Festuca rubra” x water soluble 637
Holcus lanatus x total F e132
Holcus lanatus x water soluble 634
Plantago lanceolata x total F 304
Plantago lanceolata £3 water soluble -850
Rumex_acetosa x total F -207
Rumex _acetosa x water soluble +704
t+ Original data detailed in Table 28A
Number of pairs of associated
observations = 11 (= number of sites)
t








Number of pairs of associated
observations = 12
* p<0.05 ** )<0.01 *** »<0.001 NS non-significant
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high concentrations of fluoride in shoots of commercial varieties
(Figures 5A & 5B, Table 22), indicate that the natural populations
are not unique and are not accumulators in the same way as Camellia
spp. (Zimmerman et al., 1957) and members of the family Dichapetalaceae
(Hall, 1972). These species can accumulate fluoride against a
considerable concentration gradient from soils of low fluoride
content. |
Uptake of fluoride through the roots is usually regarded as a
passive process (Venkateswarlu et al., 1965) by which fluorine
compounds transported in the transpiration stream accumulate in
foliar tissues, mainly in the apical and marginal portions of leaves.
Re-distribution to other tissues does not generally occur (NAS,1971),
but the high concentrations of fluoride in seeds (Table 8A) and
senescent leaves (Table 30) suggest that fluoride may be re-translocated
and therefore mobile (Oertli & Richardson, 1970).
The nature of the fluorine compounds was investigated by an
aunssticat fractionation similar to that of Hall (1972). Preliminary
investigations gave no indication of organofluorine compounds or
non-acid degradable inorganic fluorides in the vegetation (Table 8A)
suggesting that the fluoride was present in simple, insoluble,
inorganic form. Comparable results were obtained for a fans of species
collected from the twelve experimental sites, for concentrations of
fluoride in plant material which had been ashed and fused or digested
in nitric/perchloric acids were again similar (Table 29).
Only 2-21% of the total fluoride in the roots and shoots was
soluble in deionised water and this range was increased only marginally
(3-32%) by extraction with 2M sodium acetate (Table 29). Therefore,
only a small proportion of the fluoride was readily ionisable,











































































































ANALYTICAL FRACTIONATION AND DISTRIBUTION OF FLUORIDE IN PLANTS




1598 (42) 1625 (51)
408 (33) 395 (29)
2365 (70) 2420 (59)
688 (28) 704 (33)
1960 (58) 1948 (79)
1105 (52) 1135 (38)
1600 (41) 1617 (50)
2175 (59) 2280 (53)
276 (23) 265 (31)
920 (37) 897 (34)
1685 (57) 1599 (53)
2455 (80) 2465 (84)
1145 (38) 1138 (60)
278 (17) 303 (22)
106 (16) 114 (12)
745 (42) 770 (36)
1672 (39) 1637 (46)
2070 (80) 2105 (92)
87 (9) 93 (12)
3370 (65) 3295 (75)
1276 (29) 1295 (44)
4250 (102) 4325 (112)
387 (10) 401 (27)
349 (19) 346 (21)
1005 (39) 983 (51)
1140 (58) 1065 (44)
344 (26) 375 (30)
84 (8) 93 (12)
133 (10) 121 (17)
1005 (30) 983 (51)
4245 (69) 4290 (88)
2880 (49) 2935 (59)
4675 (84) 4640 (71)
6460 (112) 6429 (156)
Ashing/fusion/direct potentiometry (4.4.3)
ND - not determined
From experimental trial plots (7.4)
Concentrated nitric/perchloric acids (4.4.3)
















































































+ Mean total fluoride content (n=5) on a dry weight basis
* Top 5cm portion
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~
or magnesium fluoride, or acid-labile, inorganic complexes, both
of which might be expected to be less toxic than fluoride ions,
Precipitation of calcium floride in plant tissues has been
reported (Brewbaker & Kwack, 1963) and inactivation of fluoride by
calcium may afford protection for certain sensitive species (Pack,
1966). The lack of injury to plants established on fluorspar tailings
and mine waste, despite their high fiworsde content, may therefore
reflect the presence of stable, insoluble compounds in the vegetation
and the precipitation and exclusion of fluoride from active metabolic
sites.
9.3 Conclusions
Very few species are as sensitive to fluoride as gladiolus
and leek, for most possess a degree of resistance to even the most
phytotoxic gaseous fluorine compounds. Classification of the relative
susceptibility of plants to fluoride is normally in respect of gaseous
forms of the pollutant, but members of the family Gramineae, Rumex
spp. and Plantago spp., the major components of the natural flora
of fluorspar tailings, are amongst the least sensitive species
(NAS,1971).
Natural resistance may therefore be one reason for the lack of
visible foliar injury to plants colonising fluorspar tailings. A
specific, genetically determined adaptation of the indigenous
populations to fluoride, in the same way as populations of Agrostis
tenuis and Festuca rubra are tolerant of lead and zinc, is unlikely ,
for commercial varieties of grasses also accumulate fluoride to very
high concentrations (Tables 22 & 29) without producing visible symptoms
of injury.
Although the threshold concentration of fluoride which causes
visible injury varies from < 100ugF/g for susceptible species to
9.3 Conclusions 246
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> kooougF/g for those which are less sensitive (NAS, 1971), leaf
fluoride concentrations in excess of 200ugF/g are unusual whether
fluoride is derived from the substrate or from the atmosphere. Thus,
the high concentrations associated with leaves of plants growing on
fluorspar tailings. infer that the fluoride is present in a form in
which it is not biochemically toxic, This is supported by the results
of analytical fractionations which show that the greater proportion
of the fluoride is present as water-insoluble, acid-labile, inorganic
compounds. These compounds do not ionise readily, but the re-
distribution to senescing tissues suggests that the fluoride complexes
may themselves be mobile or that they may be degraded and re-constituted.
CHAPTER 10
LARGE SCALE ESTABLISHMENT AND MANAGEMENT OF
A VEGETATION COVER ON FLUORSPAR TAILINGS
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CHAPTER 10 = LARGE SCALE ESTABLISHMENT AND MANAGEMENT OF A
VEGETATION COVER ON FLUORSPAR TAILINGS
10.1 Introduction
The original proposal to follow the experimental trial programme
with the large scale reinstatement of 1 & 2 tailings dam was modified
because of the need to stabilise the surface of the dam immediately
after tailings disposal ceased. Thus, restoration of a significant
proportion (> 70%) of the 7ha surface had to be carried out in April
1974, before the completion of the experimental programme.
Prior to the initiation of large scale work, land-use and long-
term maintenance policies for the area had to be established. This
was necessary because the optimum productivity level for an established
sward varies according to the management proposals.
It was apparent that intensive management of the reinstated
ae as low-grade agricultural grassland would be impracticable, but
|| the prospect of short-term grazing was not necessarily unacceptable
las an alternative to the development of a low maintenance sward for
W ainattsy improvement and recreational purposes. This is because an
interpretation of the fluoride content of plants, in terms of grazing
potential, must consider several factors including solubility of the
ingested fluorine compounds (Suttie, 1964), their rate of absorption
and the degree of retention of fluoride in skeletal components (Shupe
et al., 1955). Although the basic criteria for protecting livestock
from economic damage (Suttie, 1969) suggest that the agricultural
potential of reinstated tailings dams will be limited, the viability
of intermittent, rotational grazing as an afteruse was investigated.
248
10.2 Agricultural potential of restored tailings dams
The landscape of North Derbyshire is dominated by agricultural
land but crop production contributes insignificantly to the rural
economy. This is due to limitations of the shallow soils which are
characteristic of limestone uplands, and to the unfavourable climatic
conditions for arable farming, the greater proportion of this region
being at an elevation of 800-1100ft above sea level. Agricultural
practice is restricted to dairy farming on the comparatively
productive alkaline soils of the lowland areas, and to livestock
production (mainly sheep) on the unmanaged, rough pastures of the
acidic millstone grits and podsols of higher moorland plateaus.
Consequently, reinstatement of disused fluorspar tailings dams for
grazing by livestock would be consistent with the management of the
adjacent agricultural land,
The agricultural value of swards established on metalliferous
fluorspar tailings is however, restricted by the lead, zinc and
fluoride in both the vegetation and adhered particulate matter.
Although surface contamination is unlikely to affect plant performance,
it is often a contributory factor where fluorine toxicosis (fluorosis)
or lead poisoning develops in livestock.
No adverse effects are known to accompany the ingestion of
fluoride at low concentrations in the diet but fluoride accumulates
in the body, particularly in photoes’ components. Regular ingestion
of vegetation, water or feed supplements contaminated with fluoride
can cause chronic fluorosis in livestock. Acute fluorine toxicosis
is relatively uncommon and usually results from accidental ingestion
of rodenticides or insecticides (e.g. fluoracetamide and the sodium
salts of fluoroacetic and fluorosilicic acids), or more rarely from
water or feed containing excessively high levels of soluble fluoride.
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eaneous and particulate emissions from industrial operations utilising
fluorine-containing minerals are the most commonly encountered sources
of excessive fluoride intake, but the effects of fluorine vary
according to the physical and chemical form of the pollutant,
management and feeding practices and geographical, climatic and
meterorological conditions.
The most sensitive clinical index of excessive fluoride absorption
is the mottling, wearing and staining of permanent teeth formed
during the period of fluoride ingestion; but osteofluorosis, lameness
and elevated levels of fluoride in the urine are other symptoms
commonly associated with chronic fluorosis (Schmidt & Rand, 1952;
Shupe, 1969). The diagnosis of this disorder is complicated because
it may be confused with chronic debilitating diseases including
degenerative arthrosis. An accurate evaluation of its economic
importance depends upon (1) species, age and condition of the
livestock, (2) concentration of fluoride in the diet, (3) rate of
intake and the proportion of the diet comprising contaminated feed,
(4) duration of exposure and (5) solubility, rate of absorption and
the degree of retention of fluoride in skeletal tissues.
The primary symptoms of fluoride toxicity may be superseded
by secondary effects including decreased weight gain and diminished
milk yield, both of which result from a loss of appetite. Because of
the economic significance of these secondary effects, recommended
standards have been defined for the concentration of fluoride in feed
serving as long-term rations for livestock. Controlled fluorosis
experiments have concentrated mainly upon dairy cattle (the most
sensitive domestic animals) for which 30-4OugF/g is recommended as the
maximum permissible limit if loss of production and economic damage
are to be avoided (Suttie, 199; Oelschlager, 1972). For short-term
or intermittent grazing, higher concentrations may be tolerated;
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60ugF/g is usually aeoettatas for a maximum of two consecutive months
and 80ugF/g for a single month within a twelve month period (Suttie,
1969). Tolerances of different species provide an alternative series
of standards based mainly upon the solubility of fluorine compounds
(Phillips et al., 1960). Solubility is one of the principal factors
determining the toxicity of fluoride, because it affects both the
rate of absorption into the blcddaiawan and the degree of retention
in the skeleton (Shupe et al., 1955; Suttie, 1964).
Irrespective of which series of standards is adopted, the
management of revegetated fluorspar tailings dams as agricultural
land is precluded. Although the greater proportion of fluoride in
grasses and legumes introduced onto fluorspar tailings is insoluble,
concentrations of water-soluble and readily ionisable fluoride alone
exceed the maximum recommended level of fluoride in soluble form
(4ougF/g) and insoluble form (l00ugF/g) for dairy cattle (Table 29).
Corresponding safety limits for beef cattle (50 and 100ugF/g) and sheep
(100 and 200ugF/g) are also exceeded in many instances, Furthermore,
these values make no allowance for surface contamination of the
vegetation.
In addition to the high concentrations of fluoride, levels of
lead in surface-washed vegetation (Table 22) bxceda 100ug/g which has
been reported as lethal to cattle (Goodman & Roberts, 1971), and are
markedly higher than the recommended standard (50ug/g) for regular,
intensive grazing by livestock (Collier, 1974; pers. comm.). Although
these values do not present a serious hazard to livestock if accidental
short-term grazing occurs, they restrict the ultimate land-use of
disused tailings dams.
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10.301 Introduction
With the exclusion of an agricultural land use, a direct economic
return from reinstated fluorspar tailings dams is not possible.
Reinstatement must therefore be for recreation and amenity improvement
where productivity is of secondary importance to the development of
aaa = /
a visually acceptable sward which requires minimal long term maintenance.
The significant impact which tailings dams exert upon amenity
values is attributable to the angular characteristics of the retaining
perimeter walls and the flat surface of the deposition area. Large
scale restoration work therefore involves the planting of trees and
shrubs as well as the development of a continuous and permanent
vegetation cover.
10.3.2 Establishment and maintenance of a vegetation cover.
The results of experimental field trials indicated that the
critical growth-limiting factor would be the inherent low nutrient
status of the tailings rather than their potential phytotoxicity.
Thus, permanent restoration depends on amelioration of the low fertility
especially with respect to nitrogen and phosphorus. It was also clear
that legumes would be important in ensuring that the sward would be
self-sufficient with respect to nitrogen. Field trial experiments
showed that nitrogen applied as inorganic, granular fertiliser is
rapidly leached and that repeated applications are necessary if an
adequate supply of the nutrient is not maintained by nitrogen fixation.
The scale of the reinstatment programme for 1 & 2 tailings dam
required that it be sub-divided into two phases. The major operation,
that of establishing a continuous and permanent vegetation cover to
stabilise the surface of the tailings, was carried out in April 1974
and was followed six months later by a tree and shrub planting programme.
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The composition of the seed mixture and the fertilisers applied to
ameliorate the low fertility of the tailings had to be selected on
the basis of the initial results of the field trial experiments.
The extent of the area to be revegetated prevented manual
application of the ameliorants and seed mixture. The thixotropic
properties of the Rais and their low load-bearing capacity also
prevented the use of agricultural machinery on the dam surface.
Thus, a modification of the Hedvauiie seeding technique was employed
(Boyes, 1970; Brooker, 1974). This involves the ejection of seed and
fertiliser in suspension, under pressure, through a narrow-bore nozzle
supplied from a high-volume, water filled vessel fitted with a
continuous agitator. Hydroseeding is particularly useful where
vegetation is to be established on inaccessible and unstable slopes
or other areas with unfavourable physical characteristics.
Because of the need to minimise the load applied to the tailings
surface, access to the least stable central areas of the dam was
obtained by extending the outlet pipe from the tank, which was
positioned at the base of the retaining wall, using 20- to 60m lengths
of high-pressure, lightweight flexible hose (75mm i.d.). The diameter
of the outlet nozzle was increased from the normal 12-25mm to 50mm.
This reduced the pressure but still permitted access to areas of
tailings forty metres from the point of ejection.
Recently, the use of plastic, latex and resin-based stabilisers
has been advocated during hydroseeding of sites which are subject
to erosion. Despite their apparent advantages for a tailings dam
subject to wind erosion, these adhesives, which usually form an
integral part of the hydraulically-seeded slurry, were excluded
because of their adverse effects upon germination (Bradshaw et al.,
1975). Instead, temporary stabilisation of the surface and amelioration
of the low nutrient status were achieved simultaneously, by applying
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a 10-20% w/w soisds-conteuk slurry of air-dried, digested sewage
sludge from the 'activated-sludge' process (Table 214), at a rate
equivalent to 17-20 tonnes/ha of air-dried sewage. Hydroseeding is
often a two-stage process in which the organic mulches (e.g. straw,
wood pulp) or artificial stabilisers are applied in a separate
operation following seeding, but this procedure rarely chee any
significant benefit in terms of skabulicationg Consequently, the
seed mixture, the composition of which is detailed in Table 21B
(species mixture II), was sown in the organic amendment slurry at a
rate of 80kg/ha.
Both the fertiliser treatment and the composition of the seed
mixture were determined by the requirement for rapid initial growth
and the development of a continuous, visually acceptable vegetation
cover which would require only a low-levelof maintenance in the long
term. The essential requirement was the successful establishment and
growth of legumes. A granular, inorganic, high-phosphorus fertiliser
(I.C.I. No.9; SHEN : ZO%SP0,,: 15%K0) was therefore applied together
with the hydroseeding slurry at a rate of 375kg/ha (= 110kg/ha P20.)
in otter to ameliorate the low phosphate status of the tailings and
to encourage the growth of legumes included in the seed mixture.
Successful yoaniseien of the legumes was ensured by introducing the
appropriate root nodule bacteria into the hydroseeding slurry.
Pure, freeze-dried cultures were reconstituted and grown on yeast
mannitol agar before being added to the matrix in a peat carrier
(Roughley, 1970).
The use of inorganic nitrogen fertiliser in the hydroseeding
matrix was kept to a minimum because failures of clover at establishment
have been attributed to its sensitivity to exposure to nitrogen
fertilisers during hydroseeding (Bradshaw et al., 1975). During the
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early stages of sward development the supply of plant-available
nitrogen was maintained by microbial degradation of organic complexes
in the sewage sludge. No direct adverse effects upon legume
establishment were apparent due to mineralisation of these organic
nitrogen compounds. This short term supply of nitrogen is necessary
because the contribution made by leguminous species to the nitrogen
requirement of a sward establishing on a nutrient-deficient substrate
is insufficient initially. By applying the seed and organic substrate
concurrently, intermediate maintenance applications of nitrogen were
rendered unnecessary. Usually this management practice is essential
if nitrogen fertilisers are excluded from the hydroseeding treatment.
Although an exceptionally dry period followed immediately after
sowing (Figure 235A), the presence of numerous fissures in the surface
layers of tailings, many of which were up to 30cm in depth, allowed the
slurry to penetrate into the deeper layers of tailings and provided
sites with a favourable microclimate for germination and seedling
establishment. After four months a satisfactory vegetation cover was
evident bat , iiss to the high level of productivity, the sward had to
be managed in order to attain an appropriate balance between grasses
and legumes. Thus in May 1975, by which time most of the tailings
area had a firm surface and was accessible to agricultural machinery,
the sward was cut 5cm above ground level and the vegetation removed.
This harvest, and the maintenance fertiliser treatment which followed
| (250k¢/ba of I.C.I- No.9), improved the competitive position of legumes
il
\an the sward and resulted in a diverse, continuous vegetation cover
| and a level of productivity more consistent with the long term land-use
objectives and maintenance proposals (Plate 9).
The retaining walls of the dam had been partly stabilised by
hydroseeding prior to the initiation of the experimental programme,
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applications of inorganic soueaiiger (50kg/ha N, P20. and K,0)¢ Some
simple fertiliser experiments showed that this regression was due to
(1) the inherent low nitrogen status of the substrate, (2) the rapid
leaching of nutrients applied in inorganic form and (3) the absence
of legumes from the developing sward. Attention was therefore given
to the retaining walls within the major reinstatement programme. In
May 1974 these areas were Prone at 60kg/ha with a species mixture
comprising 50% w/w antes rubra (var S.59), 30% Trifolium repens
(var 'Kent'), 10% Poa pratensis and 10% Agrostis stolonifera (var
'Penncross'). Following an initial application of 150kg/ha P20.
(as superphosphate) and 35kg/ha N (as sodium nitrate), one month after
seeding, a continuous, low maintenance clover-rich sward developed
within six months.
10.3.3 Establishment of trees and shrubs
The large scale planting of trees and shrubs was carried out in
accordance with landscape development plans prepared by Messrs. Derek
Lovejoy & Partners (Landscape Architects). The principal objective of
this scheme was to reduce the visual prominence of the tailings dam
associated with the retaining walls and the plateau surface of the
deposition area. The planting programme concentrated upon the
perimeter of the deposition area and upon the steeply sloping walls.
In certain areas the contours of the walls were modified prior to
planting so that their angular features contrasted less abruptly with
the topography of the surrounding land.
Planting was carried out according to the schedule depicted in
Figure 24, The scheme was implemented in two stages which were
"initiated in October 1974 and 1975 and concluded in February 1975
and March 1976 respectively. Species were selected according to the























































































LARGE SCALE TREE AND SHRUB
PLANTING SCHEME
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high & single staked
high & single staked
high & single staked
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of the large numbers involved, substitutions were necessary to overcome
limitations of supply. Individuals were staked and planted at 2m
intervals in (30-50cm)? pockets filled with sewage sludge as an
amendment material.
The overall success in establishment exceeded 70% for each species
but the rate of failure was significantly higher for plantations on
the retaining walls. This was Saeed by excessive surface drainage
and by the poor water-retaining properties of the substrate which,
for structural purposes, contains a high proportion of free-draining,
coarse material from nearby limestone quarries.
Although the overall success of such large scale restoration
programmes cannot be assessed readily in the short term, it is intended
that the grass-legume sward and the tree-shrub plantations should
ultimately combine to produce a visually attractive area of open
woodland,
10.4 Conclusions
The utilisation of revegetated fluorspar tailings dams for
agricultural purposes is prevented by the high levels of lead, zinc
and fluoride in established plants. The restoration of disused dams
is therefore directed towards minimising their adverse effects upon
the amenity and recreational values of adjacent countryside. Because
of the size and topographical features of modern tailings dams, this
can only be achieved by establishing a vegetation cover on the
perimeter walls and on the tailings surface, and by planting trees
and shrubs to reduce the visual prominence of the disposal area.
The thixotropic properties of mine tailings preclude the use of
traditional agricultural methods of seeding for large scale restoration
work, at least until a surface crust is formed. Access to unstable
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areas of tailings may however, be gained using modifications of the
hydraulic seeding technique,
Whilst a rapid rate of growth is necessary initially, in order
to effectively stabilise the tailingssurface, a visually acceptable
sward of low productivity is the ultimate objective. Thus, the
constituents of the seed mixture and both the composition and rate
of fertiliser applied must be selected so that the developing sward




CHAPTER 11 - GENERAL DISCUSSION
Tailings dams are a standard feature of mineral processing
operations throughout the world because they provide the only
acceptable and economically satisfactory solution to the problem of
disposal of mineral residues from ore benefication. In the absence
of alternative policies for mine waste disposal, emphasis must be
placed on the construction, location, topography and restoration
of tailings dams so that the effluent is contained effectively and the
impact on terrestrial and aquatic ecosystems is minimised.
These considerations are particularly important in the Peak
District because the projected increased demand for fluorspar, associated
with the widespread adoption of the basic oxygen and electric arc
furnaces for the production of steel, will intensify the existing
conflict between industrial development and countryside preservation.
The recent closure, on economic grounds, of tributer workings and ore
processing installations in other regions of the Southern Pennine
Orefield emphasises the commercial importance of fluorspar deposits
in the Peak District National Park. Unless the 200,000 tonnes of
fluorspar consumed annually in the United Kingdom are, in the future,
imported from other major producing countries such as Mexico, Spain
and Thailand, the continued development of the United Kingdom fluorspar
industry is inevitable. Thus the environmental effects of this
expansion and the means by which they may be counteracted will become
increasingly important.
Since the exploitation of fluorspar deposits in the future
will be mainly by deep-mining methods, the visual impact of opencast
excavations is of declining significance. The scale of the opencast
operations inevitably affects the aesthetic value of the countryside,
but disused workings are back-filled with coarse, innocuous mine
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waste and reinstated, so id adverse effects are only temporary.
In environmental terms, it is the tailings dams which are of primary
chnvern) betause they constitute both a source of pollution and a
physical intrusion upon the landscape.
The intermittent discharging of effluent from the base of
active tailings dams is inevitable, due to fissures in the bedrock
and the presence of uncharted, eused mine workings. These losses
are infrequent but, because underground watercourses can distribute
fluorspar tailings over a wide area, active lagoons are inspected
regularly to locate and prevent such outflows. Unclarified effluent
from lateral seepage and particulates transmitted in surface drainage
water are additional sources of watercourse pollution over which
control cannot be exerted.
The main potential hazard to the terrestrial ecosystem posed
by tailings dams is that of dispersal of heavy metal and fluoride-
laden particulates by winderosion of the surface of disused sites.
Less important direct sources of contamination are the storage sites
for both crude ore and refined fluorspar, and dust which is distributed
during transportation of these materials.
The regulation of tailings outflow from active disposal sites,
due to profile drainage into fissures and old shafts, is not readily
achieved. However, in disused dams the consolidated tailings are
not subject to such dispersal and it is the wind erosion problem and
physical characteristics of the dams which are of greater long term
significance. Although the shape and size of these structures will
inevitably result ina pernanentulane of amenity, irrespective of
their location, the visual prominence of disused dams may be reduced
considerably by establishing a vegetation cover and by planting trees
and shrubs on the tailings surface. Furthermore, by revegetating
disused dams the surface layers are stabilised more permanently than
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by alternative physical nad chemical methods. Assuming that the
level of recovery of the valuable minerals from crude ore matrices
continues to improve, special methods of restoration involving the
use of metal tolerant seed or application of an innocuous substrate
to the surface of the tailings, will not be required.
Similar reclamation techniques which eliminate the need for a
surface amendment, the Epblicntich of which is expensive and often
impractical, have been advocated for a wide range of metalliferous
tailings elsewhere. Limitations to plant growth other than those
relevant to fluorspar tailings must sometimes be counteracted (e.g.
salinity and acidity) but direct seeding techniques have been used |
successfully to revegetate tailings derived from ores containing copper
and uranium (Nielson & Peterson, 1973), iron (Shetron & Duffek, 1970)
and gold (James, 1966). More complex tailings containing elevated
levels of arsenic, antimony and nickel have also been stabilised in
this way (Wild & Wiltshire, 1971; Hill & Nothard, 1973) and with the
progressively increasing scale of modern mining’ operations, direct
vegetative stabilisation provides the most permanent, practical and
economically feasible solution to the aesthetic and pollution problems
associated with tailings disposal areas.
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PREPARATION OF SAMPLES FOR ANALYSIS
3.1.5 Contamination of samples during grinding
The determination of total values for individual elements in
mine waste involved grinding the sample prior to analysis. The
preparation of oven-dried plant material for heavy metal and fluoride
determinations also required a preliminary grinding of the vegetation
samplese
Unexpectedly high levels of lead and zinc were recorded in
several soils collected from sites remote from industrial activity
and metalliferous mineral deposits. Acid-extractable (HNO,/HC10,)
lead and zinc in these soils were reduced where the samples had been
ground by hand using an agate pestle and mortar (Table A), suggesting
contamination of the sample during grinding in the hammer mill.
The mill was thoroughly cleaned between samples using a soft
brush, but it was.established that cross-contamination of samples
was caused by incomplete removal of inaccessible deposits of
material which accumulated within the grinding mechanism. Acid-
extractable metals in separate samples of acid-washed sand
(40-100 mesh), ground by hand or in the hammer mill (after
dismantling and cleaning), were similar (Table B), indicating that
abrasive action upon the hammers and other working surfaces was not
responsible for the contamination. Although brushing incompletely
removed accumulated deposits of material, compressed air cleaning
of the mill (at 50 psi.) avoided cross-contamination.
TABLE A




: Lead 79 + 17.3 33 + 4.0
Soil A vine: 142 ¥ 29.8 112 + 4.2
. Lead 49+ 17.4 31 + 5.0
Mey 79 + 2h.8 60 + 267
. Lead 103 + 15-7 844 4.9
Beate Zinc 210 + 34.3 134 + 503
*ug/gm.oven-dried soil (<200u) ©
+Mean + standard error (n = 6)
TABLE B
Extractable metals in acid-washed sand*
Hand grinding* Mill grinding®
Lead 10.4 + oo 11.0
+ 269
Zinc 6.7 + 92 Jel + 052
*ug/gm.oven-dried sand
*Mean + standard error (n = 6)
289
CHEMICAL ANALYSIS OF MINE WASTE
3.1.5 Determination of total lead, zinc and copper
Accurately weighed samples (approximately 1.0gm) of oven-dried,
finely-ground tailings were placed in 75ml 'Tecator' digestion tubes
with 8ml of 70% HNO The tubes were allowed to stand at room temperature3°
until the evolution of carbon dioxide ceased. The temperature was
raised to 100°C for 1 hour after which the flasks were cooled before
addition of 2ml of 60% HC10),« The temperature was then raised to 140°C
for a further two hours. The extracts were cooled, diluted with
deionised water and filtered (Whatman No.42) into 100ml volumetric
flasks. The residues were thoroughly washed with deionised water and
the washings added to the flasks, which were made to volume.
Determinations of the metal content of the extracts were made by atomic .
absorption spectrophotometry using standard solutions of the metals
prepared in a 10% v/v mixture of HNO/HC10), (4:1).
For initial comparative studies, the filter papers and residues
were retained for further treatment. The undigested tailings residues
were transferred from the filter papers into pre-weighed platinum
crucibles, with the aid of deionised water. The volumes were reduced
by heating the crucibles at 70°C and they were then placed in a drying
oven for 5 days at 60°C. The crucibles were re-weighed and the contents
digested with HC10,,/HF according to the method of Jackson (1958). The
residues were dissolved in 6N HCl and transferred to 25ml volumetric
flasks which were made to volume with deionised water and analysed for
heavy metals by atomic absorption.
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6.3.2.2 Determinationof total nitrogen
To 1.0gm of finely-ground (<200u), air-dried spoil in a 75ml
-'fecator' digestion tube, 6ml of concentrated sulphuric acid were
added together with 200mg of salicylic acid. After twelve hours at
room temperature, 500mg of ground sodium thiosulphate were added
together with two Kjeldahl digestion tablets (each containing 1.0gm
sodium sulphate and 100mg copper sulphate) and 100mg of selenium
powder (<100u). The copper and selenium catalysts promoted the
oxidation of organic matter whilst the sodium sulphate raised the
temperature of the digestion which was maintained at 360°C and terminated
three hours after clearing of the digest. The tubes were removed from
the digestion block and cooled before adding 10ml of deionised water.
The digests were filtered (Whatman No.42), neutralised with llml of
10M sodium hydroxide and made to volume (100ml) with deionised water.
The concentration of ammonium in the neutralised digest was
determined colorimetrically at 620mm (6.3.2.2), using components of
a Technicon Autoanalyser II unit including a chart recorder and a
digital printer/readout. The automated sampling unit operated at 60
samples per hour using a 9:1 (sample:wash) ratio came Spectrophotometric
readings of the sample digests were alternated with deionised water/reagent
blanks to avoid cross-contamination between samples. Standard solutions
(0-20ug/m1 NH,,*) were prepared from analytical grade ammonium chloride
in reagent blank matrices, giving a sensitivity of 0.O2ugN/ml over a
full-scale deflection range of 20ug/ml..
For the determination of total nitrogen in vegetation, sample
weights of 100-500mg were used. Ammonium concentrations in the digests
were then determined from a 0-50ug/ml NH,” calibration curve.
Reagents
(i) Hypochlorite-nitroprusside reagent - lgm of sodium nitroprusside
was dissolved in 250ml of sodium hypochlorite solution (12% w/v
chlorine). The solution was made up to a final volume of one
29]
litre with deionised water.
(ii) Sodium phenoxide (alkaline phenate) - 3.6gm of sodium hydroxide
and 8.8gm of crystalline phenol were dissolved in deionised
water and made up to 100ml.
6.3.2.2 Determination of total phosphorus
The extraction procedure was ‘carried out in modified, thick-
walled digestion tubes (100m1) using 1.0gm of finely-ground spoil
(<200u) and 15ml of 70% perchloric acid (Sommers & Nelson, 1972).
The temperature of the digest was maintained at 200°C for three hours,
after a preliminary extraction at 75°C for 30 minutes. <A 25mm diameter
pyrex filter funnel was placed in the neck of each tube to ensure
refluxing of the perchloric acid. Digests were cooled, diluted with
4Om1 of deionised water, filtered (Whatman No.42), neutralised with
5N NaOH using p-nitrophenol as an indicator and made up to 100ml final
volume.
A 5ml1 aliquot of the digest was diluted with an equal volume
of mixed reagent comprising 75ml of 0.22M ammonium molybdate, 150ml
of 0.1M ascorbic acid and 25ml of 0.08" antimony potassium tartrate.
The extract was made up to 25ml using 5ml of 2% boric acid (which
eliminates interference from fluoride in colour development) and 10ml
of deionised water. After 15 minutes the absorbance of the ammonium
molybdiphosphate-antimony complex was measured on a Gilford
spectrophotometer at a wavelength of 660nm, giving a sensitivity of
O.OllugP/m1 (Murphy & Riley, 1962). Standard solutions (0.2-1.6ug_
P/m1l) were prepared in the reagent mixture from potassium dihydrogen
orthophosphate (KH,PO,) which had been dried at 105°C for one hour and
cooled in a dessicator.
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6.3.2.2 Determination of total magnesium, calcium, iron
and ‘potassium
Finely-ground (<200u) samples of spoil (200-500mg), which had
been oven-dried at 60°C for five days, were digested with 5ml of
concentrated nitric acid for two hours at 100°C in 30ml platinum
crucibles. The digests were evaporated almost to dryness and then
cooled for four Hours before adaine 0.5ml of 60% perchloric acid
and 5.Oml of 486 hydrofluoric acid. The crucibles were placed on an
open-top aluminium block at 200°C until the acids evaporated to
dryness. After cooling, the perchloric/hydrofluoric acids treatment
was repeated to effect dissolution of coarse-grained mineral particles
in the sample matrices. The residues were dissolved in 5ml of 6N
hydrochloric acid, heated at 100-130°C for 15 minutes in the crucibles
and diluted with 15ml of deionised water after cooling the digestion
vessels. The diluted digests were transferred to 50ml volumetric
flasks and made to volume with deionised water. Calcium, magnesium,
iron and potassium were determined’ in the same digest by atomic
absorption spectrophotometry (Ca, Mg, Fe) or emission spectrophotometry
(K). Standard solutions were prepared in 0.5N hydrochloric acid.
6.3.3.2 Plant-available nitrate- and ammonium-nitrogen
Nitrate- and ammonium-nitrogen were extracted using eM potassium
chloride, according to the method of Bremner and Keeney (1966). Five
gram samples of freshly-collected material were shaken with 2Oml of &M
potassium chloride for one hour and filtered through Whatman No.42
paper. Separate samples were air-dried in the laboratory for ten
days, for moisture determinations, The filtrates were analysed
directly for NO,-N and NH,,-N by colorimetric procedures described
3
previously (6.3.2. & 6.3.3).
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~
The azo-dye formed by coupling of a diazonium compound with
N-(l-napthyl) ethylene diamine hydrochloride SNESeterminetsOn) and
the indophenol-type compound formed between ammonium compounds, sodium
phenate and sodium hypochlorite (NH,,* determination) , were measured
colormetrically from a calibration curve of standard solutions
3
ammonium chloride .in 2M KCl. This gave a sensitivity of 0.002ugN/ml
(O-2ug/m1l NOL & NH,,”) of analytical grade potassium nitrate or
on the low-range scale of the Technicon Auto-Analyser (0-2ugN/m1)
where preliminary dialysis of the sample matrix is avoided.
Reagents
A - NH, + determination - as described for ‘Determination
of total nitrogen'.
BF NO, determination -
(1) Hydrazine sulphate reagent - 0.14% w/v solution
of hydrazine sulphate containing 0.12% w/v
copper sulphate (CuSO,-5H50)
(ii) Sulphanilamide reagent - 10gm of sulphanilamide
were dissolved in a uniform mixture of
orthophosphoric acid (100ml) and deionised
water (500m1). 500mg of N-(1-napthyl) ethylene
diamine hydrochloride were added to the solution
which was made up to one litre with deionised water.
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6.30302 Plant-available phosphorus
The method proposed by Olsen (1954) was used to obtain an index
of available phosphate. Phosphate was extracted by 0.5M sodium
bicarbonate adjusted to pH 8.5 with 1M sodium hydroxide. 5gm samples
of sieved (2mm) air-dried spoil and 1.0gm of Darco-G-60 carbon black.
were shaken with 25ml of 0.5M NaHCO solution for thirty minutes and
3
the extracts filtéred using Whatman No.42 filter paper. 5ml aliquots
of the clarified extracts were acidified to pH 5 by adding a standard
volume of 5N H,SO), which was determined previously using p-nitrophenol
as indicator. An equal volume (5ml) of mixed reagent comprising 125m1
of 5N H,S0),5 327ml of O.22M ammonium molybdate, 75ml of O.1M ascorbic
acid and 12.5ml1 of 0.08M antimony potassium tartrate was added to each
extract and the final 25ml volume was made up with deionised water and
5ml of 2% boric acid. The absorbance of the blue ammonium molybdiphosphate-
antimony complex was measured as described previously.
6.3.32 Plant-available potassium and magnesium
Samples of sieved, air-dried spoil (<2mm) were extracted with
1M ammonium nitrate (5gm/50m1) for 30 minutes in sealed, conical flasks
on a rotary shaker (ADAS, 1973). The extracts were filtered (Whatman
No.42) and the filtrates retained for determinations of potassium by
emission spectrophotometry and magnesium by absorption spectrophotometry.
Standard solutions (0-20ugK/ml and O-5ug Mg/ml) were prepared from a
1000ugK/ml stock solution (3.48g of oven-dried potassium dihydrogen
orthophosphate (KH.PO,,) per litre of 1M ammonium nitrate) or froma
1000ugMg/ml stock solution (10.14g of magnesium sulphate (MgSO,-7H0)
per litre of 1M ammonium nitrate).
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DETERMINATION OF FLUORIDE IN SOILS AND VEGETATION
4.3.5 Measurement of fluoride from calibration curves
Apparatus
(i) Orion fluoride ion specific electrode - Model 94-09.
(ii) Orion reference electrode - Model 90-01.
(iii) EIL Model 7050 expanded scale pH meter, witha
discrimination of + 0.cemv on the 0-200mv expanded linear
scale and + 0.2% ionic concentration on the two decade
logarithmic scale.
(iv)  Fenlow DP601 high accuracy and resolution digital panel
meter with a sensitivity of + O.lmv.
Both the EIL Model 7050 and Fenlow DP601 meters were used
successfully for fluoride analysis. The former is comparatively
versatile as it allows for the direct determination of fluoride
concentration in solution, but the latter has the advantage of greater
sensitivity. The selection of a specific meter for a series of
determinations was based upon the number of samples, the nature of the
extract and the degree of accuracy required.
4.3.4 Factors affecting the determination of fluoride
4.3.4.3 Polyvalent cations
Specification of stock solutions
(i) Fluoride - l0OugF/ml : 0.22lgm of sodium fluoride (NaF) in
a litre of deionised water.
(ii) Aluminium - 1000ugAl1/m1 : 8.942gm of aluminium chloride
(AlC1,.6H,0) in a litre of deionised water.
(iii)
296
Iron = 1000ugFe/ml : 4.844gm of ferric chloride
(FeC1,64,0) in a litre of deionised water.







294em of sodium citrate (NaC¢H.0,«2H,0)
were dissolved in deionised water and
after adjusting the pH to 6 using DM
hydrochloric acid, the solution was
made up to one litre with deionised
water.
272gm of sodium acetate (CH,COONa..3430)
were dissolved in deionised water and
after adjusting the pH to 5.5 using
0.1N sodium hydroxide, the solution
was made up to one litre with deionised
water.
57ml of glacial acetic acid and 58gm
of sodium chloride were added to 500ml
of deionised water. “kgm of 1,2
cyclohexylene diamine tetra-acetic
acid (CDTA) were dissolved in this
solution, the pH of which was adjusted
to 5.5 with 5M sodium hydroxide before
making up to volume with deionised water.
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ATOMIC ABSORPTION AND EMISSION SPECTROPHOTOMETRY
1) Elimination of chemical interferences
Chemical interferences in atomic absorption and emission
spectrophotometry are due mainly to (1) formation of refractory
compounds which undergo incomplete dissociation if the temperature of
the flame is too low and (2) ionization of certain elements in high-
temperature flames. The former interference is overcome by using
either a high-temperature, nitrous oxide-acetylene flame or a
releasing agent containing an sashiont which combines with the
interferent in preference to the analyte. Where ionization constitutes
a potential source of error, this may be suppressed by adding a
Suitable cation having an ionization potential lower than that of the
analyte. The respective interferences for those elements determined by
absorption or emission spectroscopy and the techniques used to eliminate
these errors were:-
Calcium - the depressive effects of phosphorus and aluminium upon
calcium absorption were eliminated by adding a solution
of strontium chloride to the sample matrices to produce a
final concentration of 2500ugSr/ml. Analyses were carried
out using an sisuateuyiene flame.
Copper - adverse effects of the high zinc:copper ratio upon the
absorption of copper were minimised by using a nitrous
oxide-acetylene flame for the analysis of digestions and
extracts.
Iron - the depressive effects of silica upon the absorption of
iron in an air-acetylene flame were overcome using
strontium chloride as a releasing agent.
Lead - where necessary, the depressive effects of high fluoride
concentrations were eliminated by adding an EDTA solution
298
to the sample matrix tq produce a final concentration
of 0.1M EDTA, An air-acetylene flame was used.
Magnesium - interferences from aluminium, phosphate and calcium
were eliminated using strontium chloride as a releasing
agent. An air-acetylene flame was used.
Potassium - to suppress ionization, caesium chloride was added to
give a final concentration of 1000ugCs/ml in all solutions.
An air-acetylene flame was used.
2) Correction for non-atomic absorption
Non-atomic absorption caused by molecular absorption and light
scattering by solid particles in the flame was determined using a
non-absorbing line close to the absorption wavelength of the element
of interest (Van Loon & Lichwa, 1973). Where possible, non-atomic
absorption measurements were made using non-absorbing lines less than
two nanometers from the element's absorption wavelength; this eliminated
errors associated with wavelengths remote from an element's primary
resonance line, Background values were subtracted from absorption
measurements to obtain accurate atomic absorption values for the
analyte element.
Element Wavelength of Wavelength of












































































































































































































































































































































































































































STATISTICAL ANALYSIS OF DATA
300.
4.4.1 Recovery of fluorine from sodium and calcium fluoride standards.
A summary of the analyses of variance (arcsin transformation) of
percentage recoveries of fluoride
Fluoride* Weights of Temperatures WxT
standard fluoride (W) (T)
Sodium fluoride (NaF) NS #ee NS
DNMRT™
(temperatures) D B CC
_
A
Calcium fluoride (CaF.) le a i
DNMRT D A- BC
 
n
= See Table 7
* Duncans New Multiple Range Test (p<0.05).






4.4.4 Effect of temperature on the recovery of fluoride from vegetation.






(methods/temperatures) D E A C_B
Lolium perenne
DNMRT DD JC PURE SE wl
Trifolium repens 72%.
DNMRT A- BD -¢_ EB
 
*Duncans New Multiple Range Test (p<0.05). Methods/temperatures:
A - D = conc. HNO,/HC10, at 20, 50, 100 and 140°C respectively.
E = Ashing/fusion/microdiffusion/colorimetry (see Table 9A).





4.4.5 Effect of the sample, weight: extractant volume ratio on the
recovery of fluoride.
Sample A Sample B
(= 1000ugF/g) (= 3600ugF/g)
Sample Total FF content Sample Total F F content
weight recovered of sample weight recovered of sample
(gm) (ug). (ugF/g) ' (gm) (ug) (ugF/g)
2052 51 978 -055* 199 3619
106 108 1019 -106* 382 3598
122 125 1022 .127* 457 3593
152 153 1007 «153° 555 3628
200 193 963 -177* 642 3628
303 314 1037 204" 729 3573
417 haz 1010 «257* 923 3589
2917 528 1021 -310* 1116 3602
-609 624 1025 -406* 1462 3600
~708 707 998 -516* 1851 3587
803 818 1020 -600 2156 3594
-911 932 ~=~=—-:1023 701 2470 3523
1.002 1010 1007 804 2839 3531
1.103 1120 1016 © 903 3125 3460
1.000 3474 3474
Regression equation (all 14 1.520 4470 2941
sample weights) 1.717 412 2861
y = 1.0 + 1016x 2.009 5138 2558
2.510 5775 2301
3.006 6276 2088
Regression equation (sample weights
marked*) y = 1.1+ 3593.2x
Regression equation (all 20 sample
weights) y = 545.8 + 2226.8x
303
4.4.6 Comparison of analytical methods for the determination
of fluoride in vegetation.





DNMRT* B E A D C
(methods)
(2) eee
DNMRT Cc D E B A
(3) ee




*Duncans New Multiple Range Test (p<0.05). Methods:
A
=
Ashing/fusion/potentiometry; B = Willard/Winter;
WlC
=






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































5.4 Growth of commercial and lead/zinc tolerant populations of
Agrostis tenuis and Agrostis stolonifera.
A summary of the analyses of variance for dry weight yields ( a)
Species Populations (P) Fertiliser PxF
treatments (F)
 
Agrostis tenuis NS te? NS
DNMRT* U L H
(fertiliser
treatments)
Agrostis stolonifera NS ne NS
DNMRT U L H
*Duncans New Multiple Range Test (p<0.05). Fertiliser treatments:








5.5 Metal tolerance of populations of Festuca rubra from different sites.









DNMRT* “Cc W G Hf
 
*puncans New Multiple Range Test (p<0.05). Populations (= sites);

















































Mean dry weight yields lot
Harvest 1
Site Population’ +fertiliser -fertiliser
eeSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSsSs—sSFs
Glebe Commercial (C) -018 +037
Metal tolerant (T) -130 «099
Trelogan (1) Cc -050 «053
T -156 «130
1&2 c ~105 -086
T 2125 2098
Raw ore c -079 -091
© -102 2079
Parc c 106 2082
T 2403 2223
Head Wrightson C 2266 -129
T +258 «151
Trelogan (2) c 014 012
T -107 +110
Goginan c 013 016
T 2032 -023
Darley c -015 018
T 085 -083






































7.2 Evaluation of different nitrogen fertilisers.
1) Yield of a Lolium/Festuca sward (shoots only) - Figure 13.
Analysis of variance (original data transformed logarithmically
(log, ))«
Source SS DF MS F P
F (fertilisers) 39.8121 12 5.5177 20.245 <.001
R (reps) 0.0932 2 0.0466 0.284 0759
Error 329550 2k 0.1639
Total 43.8383 38 1.1536
Duncancs New Multiple
Range Test
(p = 0.05) - Data presented in Figure 13
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7.2 Evaluation of different nitrogen fertilisers.
2) Recovery of applied nitrogen by a Lolium/Festuca_sward.
Fertiliser*
treatment Mean dry weight yield (n=3)** Mean percentage recovery
in kg/ha of applied nitrogen**
Shoots Roots Shoots Roots Root &
. Shoots
A(control) 62.6 647.8 = ns S.
B 139.3 1222.4 0.86 2.83 3.69
Cc 287.6 2222.2 1.67 6.81 8.48
D 331.3 1562.2 2.85 4,36 7e2l
E 770.5 3890.8 6.86 15.53 22.39
F 32.8 22004 0.45 1.49 1.94
G 1115.6 4489.3 9.11 19.45 28.56
H 792.4 4101.2 6.81 13.% 20077
I 826.5 297927 567 8.99 14.69
J 950.6 4743.6 5.74 14.46 20.2
K 642.5 3772.3 4.89 11.21 16.1
L 1805.3 6814.5 14,31 20.88 3519
M 1065.3 4568.2 15.65 16.48 32.13
* Fertiliser treatments detailed in Table 18.
** Data corrected for the yields and nitrogen recovery from
untreated (control) plots.
7.3 Effects of nitrogen, phosphorus and potassium
summi of the analyses of variance for total weight yields ae
Main nutrient effect/interaction
H N iP K NxP NxK PxK NxPxK
arvest
1 se ¢¢ NS NS NS NS NS
pywer * N means 1 (66.4) 2 (144.7) 3 (245.7)
P means 1 (124.6) 2 (161.8) 3 (170.4)
K means 1 (141.9 163.1) 2 (151.8
2 eee * * NS NS NS
DNMRT N means 1_ (131.8) 2 (145.4) 3 (218.1)
P means 1 (136.4) 2 (155.8) 3 (203.2)
K means 1 (148.4) 3 (160.2) 2 (186.7)
A su of the analyses of variance (arcsin transformation)
of percentage cover values for Trifolium repens
Main nutrient effect/interaction
N ie K NxP NxK PxK NxPxK
Harvest
1 “0% 644% 6NS)ONS NS NS NS
DNMRT N means 3 (4.1) 2 (6.4) 1 (11.2)
P means 1 (2.7) 2 (6.2) 3 (13.9)
K means 1 (6.8) 3 (€.9) 2 (7.2
2 see 3% 6NS)6|6UNS NS NS NS
DNMRT means 3 (11.4) 2 (20.6) 1 (28.3)
P means 1 (8.2) 2 (16.6) 3 (38.2)
K means 1 (19.4) 3 (20.1) 2 (19.5)
As of the analyses of variance (arcsin transformation)
of percenta, ound cover (all species
Main nutrient effect/interaction
N Pr K NxP NxK Pxk NxPxK
 
Harvest
1 +e 4% NS NS NS NS - NS
DNMRT Nl N2 NB
Pl P23
Kl__K3__—&K2




+ Duncans New Multiple Range Test (p<0.05),
’ N,P and K means in parentheses. Levels 1, 2 and 3 represent





7.4 Comparison of organic and inorganic sources of macronutrients








Harvest 1 Harvest 2
a Fertiliser Fertiliser
Species Populations (P) treatments (F) PxF Populations (P) treatments (F) PxF
Festuca rubra ** lad NS NS ++* NS
pNwrt * UIPFS UIPFS
(fertilisers) a
Agrostis tenuis ae eee NS NS tet NS
pywrt? UIPFS Ul s
. Species/ Fertiliser + Fertiliser +t
mixture treatments (F) DNMRT treatments (F) DNMRT
Lolium perenne +e UIPFS eke UPIFS
Trifolium repens wee UIPFS * UIPFS
Species mixture 1 ae UIPFS ae UIPFS
Species mixture 2 ee IPFS bata U LPiFs
Species mixture 3 eee UI s +** UIPFS
t Duncans New Multiple Range Test (p<0.05), U=Untreated, I=NPK,
P=NPK + extra P, F=Farmyard manure, S=Sewage sludge.






















































































































































































































































































































































































































































































































































































































7.6 Fixation of atmospheric nitrogen by legumes,




B ! P REOOEE/E20.
Clover yields - Figure 19
NP (50kg/haN + 200kg/haP,0,)
NP (100kg/haN + 200kg/haP,0,)












R (replicates) - 1.0617
Error 6.73%
Total 96 6736
Duncans New Multiple
Range Test A
(p=0.05)
38
29
MS
9.2156
0.0954
0.6485
0.5309
0.1774
1.6385
F
- 51.961
0.538
3.656 ©
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